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Abstract 
Reduction of amides to amines is an important transformation in organic synthesis, which has 
been identified as among the ‘top ten most important reactions’ by a consortium of 
pharmaceutical companies. Presently achieved by hydride or borane reagents, it is both 
hazardous and generates excessive volumes of effluent and waste. Similarly, chemoselective 
reduction of C=C bonds, particularly conjugated double bonds, also presents a significant 
challenge in organic synthesis. 
Electrochemical synthesis using a flow reactor offers an environmentally benign and energy 
efficient technology for producing key intermediates in the synthesis of candidate drug 
molecules; its benefits include: improved control of reaction parameters, reproducibility and 
scalability.  
The first part of the thesis describes a study on the kinetics of the selective electrochemical 
reduction of C=C maleimide derivatives using a rotating disc electrode system. The resulting 
data was used to define the reactor’s operating conditions. Subsequently, the chemoselective 
and stereoselective reduction of maleimide derivatives were carried out in the 
electrochemical flow reactor with a graphite felt cathode and the rate of reactant depletion, 
monitored by UV-visible spectroscopy.  
In the second part, amide reduction was studied in an electrochemical flow reactor using 
vitreous carbon and boron-doped diamond cathodes. The reduction of N,N-
dimethylbenzamide produced the corresponding amine, benzaldehyde and benzyl alcohol. 
The selectivity of the reaction was investigated as a function of reaction conditions, and a 
mechanism for the reduction was proposed. Subsequently, a range of functionalised amides 
were subjected to electrochemical reduction under optimised conditions, to further assess the 
scope of the methodology as a tool for organic synthesis. The influence of electron donating 
and withdrawing groups incorporated in to N-benzoylpyrrolidine derivatives were 
investigated, as well as the pattern of substitution on the amides.  The result revealed 
observable trends in the product distribution between the corresponding amine, benzaldehyde 
and benzyl alcohol compounds. 
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 Introduction Chapter 1
1.1 Background 
Amines are important organic intermediates for the chemical industry; used in the production 
of agrochemicals, dyes, pharmaceuticals, surfactants and plastics. Amines constitute 
important core structures of many biologically active molecules, and are particularly 
prevalent in central nervous system (CNS) drugs (Figure 1-1); which make up the largest 
sector of pharmaceuticals sold worldwide.1  
 
Figure 1-1: Examples of CNS drugs containing amine functionality.1 
Currently, the reduction of amides to amines accounts for only 0.6% of chemical 
transformations used in drug manufacture, as they require hydride and borane reagents.2 
These reagents are hazardous; borane reagents are air sensitive and pyrophoric while metal 
hydrides can ignite on contact with water.3 Further shortcomings associated with the use of 
these reagents include complex work up procedures and generation of excessive waste.4 In a 
seminal review published by the Process Chemistry R&D departments of GlaxoSmithKline, 
AstraZeneca and Pfizer, gaps were highlighted in the current technologies used to 
manufacture candidate drug molecules.4 The reduction of amides, without the use of hydride 
reagents, was identified as a priority research area.2  
If a safer, environmentally-benign and scaleable method can be developed for the 
transformation, a higher percentage of amide reductions would be undertaken in 
pharmaceutical manufacturing. Electrochemical synthesis offers an atom efficient, 
environmentally sound and energy efficient solution to the problems associated with 
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chemical reduction of amides. Further exploitation of this technique to reduce other organic 
functional groups would support the use of electrochemical synthesis in pharmaceutical 
manufacturing, and the benefits can be extended to other chemical industries. 
This chapter aims to provide an overview of the chemical and electrochemical processes for 
the reduction of amides and C=C bonds. Initially the chemical reduction reactions will be 
discussed followed by the electrochemical processes for the amide and C=C bond reductions 
respectively. The contribution of organic electrochemistry to green chemistry and industrial 
manufacturing will also be discussed. 
1.2 Organic Electrosynthesis: A Green Technology 
The sustainability of the chemical industry is a major concern due to the dependence on the 
petrochemical industry and the quest for green chemical processes and technologies offers a 
significant challenge for industry and academia.5 The principles of green chemistry, as 
defined by Anastas and Warner 6 are:  
 to prevent washes 
 utilise renewable materials 
 omit derivatisation steps 
 produce degradable chemical products 
 use safe synthetic methods 
 be catalytic 
 use ambient conditions  
 have a low E-factor  
 follow the reaction with online monitoring 
 use few auxiliary substances 
 have low toxicity  
 be an overall safe process  
A green process should aspire to achieve as many of the 12 principles as possible and have a 
minimal E-factor.7 The E-factor measures the ratio between the mass of waste generated, 
defined as everything but the desired product, and the mass of the product produced, a true 
green process will have an E-factor of zero.5  
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 E-factor= kg(waste)/kg(product)
 
[1.1] 
In the case of the pharmaceutical industry the E-factor can be greater than 100 as candidate 
drug molecules are frequently complex molecules. The synthesis of complex molecules 
requires multiple step reactions that often involve the use of protecting groups to acquire the 
desired product selectivity and large volumes of solvents, for example the production of 
antidepressant sertraline required 250,000 litres of solvent for each 1000 kilograms 
produced.5 
Electrochemical synthesis is increasingly recognised as a green technology for organic 
chemistry for a number of reasons.8 Figure 1-2 highlights the direct relationship between 
organic electrochemistry and green chemistry.  
A major goal of the pharmaceutical industry is to reduce the levels of solvents used in 
manufacturing. Water is a green solvent and can be used in electrosynthesis. Indirect and 
direct electrolysis can provide highly atom efficient processes and waste generation can be 
limited when stoichiometric reagents are prepared electrochemically within the 
electrochemical reactor.8 Furthermore, electrosynthesis can be carried out at ambient 
temperatures and pressures, making the process intrinsically safer and more energetically 
viable. Some examples of the benefits of organic eletrosynthesis are highlighted below. 
 
Figure 1-2: Organic electrosynthesis and its direct relationship to green chemistry principles. Figure 
adapted from Frontaan-Uribe et al. 8 
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An example of a successful green industrial electrosynthesis process was introduced by 
BASF in 1999. The paired electrochemical processes involved the reduction of dimethyl 
phthalate 1-1 to phthalide 1-2 and the simultaneous oxidation of tert-butyl-toluene 1-3 to 
produce 4-(tert-butyl)benzaldehyde dimethylacetal 1-4 in an undivided cell (Scheme 1.1).9 
The process achieves 100% atom efficiency as the methanol solvent is a starting reagent and 
is also produced in the cathodic process which is then, in turn, consumed at the anode. The 
proton generated at the anode is also consumed at the cathode.  
 
Scheme 1.1: Paired electrosynthesis of phthalate 1-2 and 4-(tert-butyl)benzaldehyde dimethylacetal 1-4.9 
The reduction of carboxylic acid hydrazines 1-5 to amides 1-6 was demonstrated by 
Breinbauer  et al. in 2009 at a tin electrode, replacing the use of toxic mercury pool 
electrodes and pre-existing chemical reduction techniques (Scheme 1.2).10 Good yields of 
90% were observed and C=C bond and aryl halogen groups were tolerated. This work 
demonstrated that electrochemical techniques can reduce the reliance on toxic materials and 
reagents often employed in organic synthesis.  
 
Scheme 1.2: Electrochemical reduction of carboxylic acid hydrazines to amides.10 
The potential of organic electrochemistry was further demonstrated by the electro-synthesis 
of biaryls. Non-symmetrical biaryls are important components in organic synthesis as they 
are used in natural product synthesis, molecular catalysis and in materials science.11  
Synthesis of biaryls 1-9 achieved by cross coupling mechanisms typically require leaving 
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functionality and complex catalysts based on toxic/precious metals; however the direct C-C 
cross coupling between phenols 1-7 and arenes 1-8 was achieved electrochemically at a 
boron doped diamond (BDD)  anode.11 The electrolysis was carried out in an undivided cell 
at a constant current density of 2.8 mA cm-2 until a charge of 965 C (2 F mol-1 phenol) was 
passed (Scheme 1.3). The electrolyte consisted of N-methyl-N,N,N-triethylammonium 
methylsulfate (Et3NMe·O3SOMe), 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) and methanol, 
the electrolyte was recovered after electrolysis.11  
 
Scheme 1.3: Anodic Phenol−Arene cross coupling reaction.11 
The methodology is an example of a green chemistry as simple starting materials can be 
utilised. Activating groups (such as halides and organometallic reagents) and toxic/precious 
metals are not required, and no waste is generated when using stoichiometric levels of 
reagents.11  
 
1.3 Industrial Applications of Organic Electrochemistry 
The industrial application of organic electrochemistry for the creation of organic 
commodities has generated considerable interest. Following the development of the 
Monsanto process for the electrochemical synthesis of acrylonitrile from adiponitrile in the 
1960s numerous new processes have emerged.12-14 In a review published in 2009,13 it was 
estimated that there are approximately 70 commercialised organic electrosynthesis processes 
implemented globally, some of which are presented in Table 1.1. The Monsanto process is 
still the largest volume organic electrochemical process in operation. 
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Table 1.1: Examples of industrial organic electrosynthesis processes.13 
Product Starting material Company 
Adipoin dimethyl acetal Cyclohexane BASF 
Adiponitrile Acrylonitrile Monsanto, BASF, Asahi 
Chemical 
Azobenzene Nitrobenzene Johnson Matthey 
2,5-Dimethoxy—2,5-
dihydrofuran 
Furan BASF 
Mucic acid Galacturonic acid EDF 
3,4,5-Trimethoxytolyl 
aldehyde 
3,4,5-Trimethyoxytoluene Otsuka Chemical 
 
1.4 Chemical Reduction of Amides 
Regarding the reactivity of the carbonyl group, the reduction of carboxylic acid derivatives, 
particularly amides, present a significant challenge to the organic chemist. The general 
reactivity for the reduction of carbonyl groups is given in Scheme 1.4. This chapter will 
consider, discuss and present the findings from the literature regarding chemical and 
electrochemical methods for amide reduction. 
 
Scheme 1.4: Order of reactivity for the reduction of the carbonyl group. 
1.4.1 Hydride Reagents 
Nystom and Brown first reported the use of hydride reagents for the reduction of amides to 
amines in the 1940’s.15 Since then, much work has been carried out into the use of these 
reagents in organic chemistry. Currently, lithium aluminium hydride (LiAlH4), diisobutyl 
aluminium hydride (DIBAL) and sodium bis(2-methoxyethoxy) aluminum hydride (RedAl) 
are often used in the reduction of amides to amines (Figure 1-3).  
 
Figure 1-3: Structures of aluminium hydride reagents 
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LiAlH4 is a key reagent often employed in the synthesis of drug molecules. For example, the 
synthesis of paroxetine 1-10, a selective serotonin reuptake inhibitor used to treat depression 
and post-traumatic stress disorder, was achieved using LiAlH4 to reduce the enantio-enriched 
glutarimide 1-11 to a piperidine ring, and an ester to an alcohol at C-2 (Scheme 1.5).16 
 
Scheme 1.5: Amide reduction step for the synthesis of paroxetine 1-10.16 
Although LiAlH4 is a useful and reactive reagent, it reacts violently with water, and therefore 
can only be employed under anhydrous conditions. As a result, much research has been 
carried out to find safer alternatives. However, improving the stability of the hydride reagent 
often led to a decrease in reactivity. For example, Red-Al is a non-pyrophoric reducing agent, 
but produces monomethoxyethanol as a by-product, which is a known teratogen.17  
Generally, reduction of primary and secondary amides with LiAlH4 gives the corresponding 
amines in good yields, but the reduction of tertiary amides can provide a secondary amine as 
a by-product, particularly if the N-substituents are bulky.18 LiAlH4 is an extremely powerful 
reducing agent, capable of reducing other organic functional groups (such as esters, ketones, 
aldehydes, carboxylic acids and nitriles),19 therefore selective reduction of amides can be 
challenging.20 
In terms of atom economy, LiAlH4 has a molecular weight of 38 and can deliver four 
hydrides per molecule. Despite its high hydride density, it also generates lithium and 
aluminium hydroxide wastes.2 These by-products are difficult to separate from the product; 
the recommended work up is to precipitate and filter the aluminium hydroxide during which 
the product can be lost. The disposal of waste also exerts an unfavourable environmental 
impact.2 
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1.4.2 Borane Reagents 
Borane is a milder reducing reagent compared to LiAlH4. Primary, secondary and tertiary 
amides (aromatic and aliphatic) can be reduced quantitatively to the corresponding amine 
using an excess of borane in THF.21 It is often employed for the reduction of amino acid 
derived compounds, as well as amides that contain functional groups that are prone to be 
attacked by LiAlH4 reagents, namely N-benzylamides, α-fluoro or α-bromoamides, and 
sulfonylamides.21 Following the reduction, acid or base is often employed in the workup, 
hydrolysing the intermediate to the corresponding amine.21 In certain cases borane-amine 
adducts can be formed as a side-product during the process. Other than strong acids, 
palladium and Raney nickel have been used to catalyse the methanolysis of the borane-amine 
adduct, to liberate the product.22 
An example is the final stage of the synthesis of (S)-fluoxetine 1-13, an anti-depressant 
(Scheme 1.6). A solution of borane in THF proved to be very effective at reducing amide 
precursor 1-12, but the reaction results in an amine-borane adduct 1-14 (Figure 1-4), which 
required careful hydrolysis (using 6 M HCl), due to the acid sensitivity of the drug.23  
 
Scheme 1.6: Final step for the synthesis of (S)-fluoxetine 1-13.23 
 
Figure 1-4: Amine-borane adduct 1-14 formed during synthesis of (S)-fluoxetine. 
 
 
 
 
 
 
 
Chapter 1  Introduction 
38 
 
1.4.3 Silane Reagents 
Metal-catalysed reduction of amides in the presence of silane reagents were first 
demonstrated in the 1980s. In 1982 Corriu et al. reported the hydrosilylation of N,N-
diethylphenylacetamide with Wilkinson’s catalyst and 1,2-bis(dimethylsilyl)benzene, 
forming the enamine product via the deoxygenation of the amide.24 Following this in 1985 
Voronkov et al. described the reduction of DMF with a range of silanes in the presence of 
metal catalysts (eg. [Me2NH2]
+[Rh(CO)2Cl2]
-) to produce the amine and a disiloxane.25 These 
preliminary studies generated substantial interest in metal catalysed amide reductions using 
silane reagents.  
Ito et al. showed that a wide range of tertiary amides were reducible to the corresponding 
amines in high yields with 2 molar equivalents of diphenylsilane (which is detrimental for the 
E-factor) in the presence of 0.1 mol% of [RhH(CO)(PPh3)3].
26 Interestingly, it was 
demonstrated that chemoselective reduction could be achieved when the amide derivative 
contained ester or epoxide functionality. Scheme 1.7 shows the reduction of 1-15 to the 
corresponding amine 1-16 in 70% yield, with the ester group remaining intact after the 
reaction.26 
 
Scheme 1.7: Rhodium catalysed reduction of amides to amines with Ph2SiH2.
26  
Further research by Fuchikami et al. demonstrated that the reduction of tertiary, secondary 
and primary amides to the corresponding amines could be achieved using monohydrosilanes 
and a range of transition metal catalysts such as ruthenium, platinum, palladium and rhodium 
in good yields.27 
Inexpensive titanocene catalysts (2-10 mol%) in the presence of PhMeSiH2 have also been 
used to catalyse the reduction of a range of acetamide derivatives to the  tertiary amines.28 
Scheme 1.8 shows the reduction of acetamide 1-17 to amine 1-18 using Cp2TiF2. 
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Scheme 1.8: Reaction of acetamide derivative 1-17 with PhMeSiH2.
28  
It was shown that tertiary amides with bulky N-substituents can be reduced in yields of up to 
87% after 20 hours under reflux using silane reagents (2 mmol) in the presence of catalytic 
amounts of dioxomolybdenum dichloride (10% mol).18 This catalyst can also be used with 
several silanes including hydrosilanes and polysiloxanes.18 On the other hand, H2PtCl6·6H2O 
only reduces tertiary amides in the presence of siloxanes containing two Si-H groups.18 
Limitations have also been identified for the use of rhodium catalysts: 
Ph2SiH2/RhH(CO)(PPh3)3 only reduces tertiary amides and Ph2SiH2/[RhCl(PPh3)3] can only 
reduce secondary amides with bulky substrates.18 
Nagashima et al. described the efficient reduction of carboxylic acids, esters and amides 
using trialkylsilanes and a triruthenium carbonyl cluster bearing a bridging acenaphthylene 
ligand.29 Nagashima’s group carried out further research into the platinum catalysed silane 
reduction of carboxamides to tertiary amines, demonstrating that platinum catalysts are active 
when siloxanes contained more than two Si-H groups. High yields of up to 95% were 
obtained using 0.01 mol catalyst, 3.7 mmol Si-H and a reaction time of 3 hours.30 Using 
polymethylhydrosiloxane (PMHS) enhances amide reduction and also contributes to forming 
an insoluble siloxane resin which by encapsulates the platinum catalyst.30 The platinum 
catalytic system provided higher yields of the amine product compared to the molybdenum 
system. The reaction time was also greatly reduced from 20 hours to 3 hours using the 
platinum catalyst rather than the molybdenum catalyst.   
A mechanistic and development investigation was carried out by Brookhart et al. into the use 
of iridium silyl complexes to reduce tertiary amides.31 It was found that Ir(III) complex, 
[(2,6-bis(di-tert-butylphosphinito)phenyl)Ir(H2)(acetone)]
+, catalysed the reduction of a range 
of tertiary amides to the corresponding amine using diethylsilane as the reducing agent under 
an H2 atmosphere (1 atm). Low catalysts loadings of 0.01% achieved quantitative conversion 
and functional groups such as alkenes, ethers, nitriles and halides were tolerated.31 However 
the system did not work for primary or secondary amide reduction. Furthermore, the 
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reactions were only carried out on NMR scale in chlorobenzene-D5, with only one example 
carried out at a larger scale (< 1g). Coupled with the expense of Ir, it does not make this 
process particularly attractive. 
Charette el al. reported a metal-free procedure to reduce tertiary amides to tertiary amines32 
and has recently further developed the technique to selectively reduce secondary amides to  
imines, aldehydes and amines (Scheme 1.9).33 The secondary amide was activated with triflic 
anhydride which can then be reduced to the iminium ion using triethylsilane. The imine 1-19 
is isolated with a basic workup and the aldehyde 1-20 obtained from an acidic workup. To 
isolate the amine 1-21 a further reductive amination is achieved by the addition of Hantzsch 
ester hydride (HEH).  
Scheme 1.9: Selective reduction of secondary amides to imines 1-19, aldehydes 1-20 or amines 1-21.33  
The method described achieves reasonable product yields (70-95%), does not involve costly 
metal catalysts and is compatible with a variety of functional groups such as alkenes, external 
alkynes, esters and epoxides. However triflic anhydride is highly water sensitive and low 
temperatures and a dichloromethane are required which are not desirable conditions for the 
pharmaceutical industry.  
The ample availability of iron and the often low toxicity makes it an attractive material for 
catalyst development.34 Beller et al. described the iron catalysed reduction of tertiary and 
secondary amides to the corresponding amines using the inexpensive silane 
polymethylhydrosiloxane (PMHS). N,N-dimethylbenzamide 1-22 was used as the model 
substrate and a high yield of 93% was obtained using a 2 mol% [Fe3(CO)12] and 5 eq. PMHS 
in toluene.34 This work was further extended to the reduction of primary amides, however 
two different iron complexes in a sequential mode were required to afford the primary 
amine.35 The conditions required to reduce benzamide 1-22 are given in Scheme 1.10.35 
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Although the iron catalyst complexes successfully reduced a range of primary, secondary and 
tertiary amides, the process is not atom efficient as up to 5 equivalents of the silane reagents 
are required as the reducing agent. 
 
 Scheme 1.10: Diiron catalysed hydrosilylation of benzamide 1-22 to benzylamine 1-23.35  
In summary, silane reagents provide an alternative method for amide reduction but they do 
not meet the criteria of green chemistry. On large scale applications, the cost of the silane 
must be considered,36 stoichiometric levels of silica waste is generated, often a precious or 
toxic metal catalyst is required to catalyse the reaction, and the reactions are carried out in 
solvents such as dichloromethane, toluene or chlorobenzene. 
1.4.4 Catalytic Hydrogenation 
The most atom efficient chemical reducing agent is molecular hydrogen (H2).
37 Catalytic 
hydrogenation would provide the most atom economical route for the reduction of amides to 
amines with ideal reaction conditions being <30 atm H2 and 70 °C.
38  
Wojcik and Adkins first reported the catalytic hydrogenation of amides to amines using a 
copper-chromium oxide catalyst at high catalytic loadings (ca. 20 wt%), high temperatures of 
up to 250 ºC and high pressures of 200-300 atm.39 N-substituted succinimides 1-24 were 
reduced to the corresponding amines 1-25 in high yields whereas N-substituted phthalimides 
1-26 were hydrogenated to give 1-27 and 1-28. Under these harsh reaction conditions, the 
aromatic ring was also hydrogenated, and the tertiary amide reduced to the secondary amine 
(Scheme 1.11).39 
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Scheme 1.11: Catalytic hydrogenation of N-substituted succinimide 1-24 and phthalimide 1-26. 
Amides can also be hydrogenated over rhenium catalysts at 185-245 °C to the corresponding 
amine under high pressures of H2; examples include the reduction of acetamide 1-29
40, N-
phenylacetamide 1-31 40 and N-ethyl-N-phenylacetamide 1-34 41 (Scheme 1.12). The primary 
and tertiary amides were reduced selectively to the amine product in high yields, however the 
secondary amide N-phenylacetamide 1-31 was reduced to N-ethylaniline 1-32 and the side 
product aniline 1-33.  
 
Scheme 1.12: Rhenium catalysed hydrogenation of amides to amines.40, 41 
Further development has shown that bimetallic catalysts of groups 6-9 metals were effective 
at reducing amides in high yields but high temperatures and pressures were still required 
(160C and 100 atm).42 These conditions are too harsh to use for the production of drug 
compounds with thermally unstable functionalities.  
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More recently, a new method for catalytic hydrogenation of amides to amines under milder 
conditions has been described.43 A range of bi- and tri-metallic catalysts have been screened 
for the reduction of N-acetylpyrrolidine 1-36 to N-ethylpyrrolidine 1-37. At 70 C, the most 
successful catalyst was found to be Pt-Re-In supported on silica, which afforded a modest 
50% yield of the amine (Scheme 1.13),43  with a higher yield of 80% achieved at 130 C and 
10 atm. Although these results show promise, the study was restricted to the reduction of N-
acetylpyrrolidine and therefore only have limited applications.43 
 
Scheme 1.13: Catalytic hydrogenation of N-acetylpyrrolidine 1-36.43 
In 2007, a homogeneous catalytic system for the hydrogenation of butanamide 1-38 was  
reported by Cole-Hamilton et al. Using a [Ru(acac)3] (1% Ru) and triphos (1,1,1-
tris(diphenylphosphinomethyl)ethane) (2% triphos) catalyst at 39 atm H2 and 164 °C for 14 
hours (Scheme 1.14),44 the reaction produced a mixture of products, including the primary 
amine butylamine 1-41, the secondary amine N,N-dibutlyamine 1-39 and the tertiary amine 
tributylamine 1-40. The addition of aq. ammonia and using a [Ru2(Triphos)2Cl3]Cl catalyst, 
the selectivity can be improved, leading to the formation of the primary amine butylamine 1-
45 with up to an 85% yield.44 
 
Scheme 1.14: Homogeneous hydrogenation of butanamide with a Ru-Triphos catalyst.44 
Whyman et al. reported the catalytic hydrogenation of cyclohexylcarboxamide 1-42 to 
cyclohexanemethylamine 1-43 using a ruthenium/molybdenum bimetallic catalyst, generated 
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in situ from triruthenium dodecacarbonyl [Ru3(CO)12] and molybdenum hexacarbonyl 
[Mo(CO)6] (Scheme 1.15).
38 A side product of cyclohexylmethanol 1-44 was also formed 
during the hydrogenation. Interestingly, no ammonium or amine was required to suppress any 
side reactions. The optimum catalyst composition was found to be ca. 50% of each metal and 
the optimal reaction conditions were 20-100 atm H2 and 145-160 °C. Although amide 
reduction was successful at low pressures of 20 atm H2, at operational temperatures below 
145 °C amide hydrogenation was not achievable.38 In the case of the hydrogenation of 
benzamide, N-methylbenzamide and N,N-dimethylbenzamide, using the Ru/Mo catalyst lead 
to the hydrogenation of the aromatic ring.  
 
Scheme 1.15: Catalytic hydrogenation of cyclohexylcarboxamide 1-42 with Ru/Mo bimetallic catalyst. 
 
The first hydrogenation of a tertiary amide, N-methylpyrrolidine-2-one 1-45 to the 
corresponding amine 1-46 was reported by Burch et al. to occur at a relatively low 
temperature and pressure (100 °C and 20 atm H2) using a platinium-rhenium bimetallic 
catalyst (4 wt% Pt- 4 wt% Re) (Scheme 1.16).45 It was found that the interaction between the 
Pt and Re was vital to form an active catalyst and a TiO2 support further promoted the 
catalytic activity. A high conversion of 90% was recorded and >99% selectivity to the amine 
after 24 hours.45 
 
 
Scheme 1.16: Catalytic hydrogenation of N-methylpyrrolidine-2-one 1-45 to N-methylpyrrolidine 1-46 at 
low temperature and pressure using a Pt/Re catalyst.45 
Although much progress has been made recently in the development of catalytic systems for 
catalytic hydrogenation, there still remains a methodology that can successfully reduce 
amides to amines under ambient conditions.  
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1.4.5 Biocatalytic Reduction 
There are certain enzymes that can reduce amides to amines, providing an attractive method 
for amine synthesis, as these processes can occur under ambient conditions in benign reaction 
environments.  
Clostridium sporogenes had been used to successfully reduce benzamide 1-47 to benzylamine 
1-48  in 73% yield using 10 g L-1 of the biocatalyst (Scheme 1.17).46 47 
 
Scheme 1.17: Proposed mechanism of biocatalytic amide reduction.46 
Under anaerobic conditions, C. sporogenes uses amino acids as respiratory electron acceptors 
to metabolise an amide to the amine. Competitive hydrolysis of the amide could lead to the 
acid product, however this pathway is not favoured, as benzoic acid is not a widely used 
energy source in anaerobic respiration. Although this method would provide an 
environmentally benign process there are major challenges to be overcome before this 
technology can be employed on an industrial scale.46 
1.5 Electrochemical Reduction of Amides 
Oxidation and reduction of functional groups are important transformations in organic 
synthesis and electrochemical synthesis offers a greener approach to these transformations.48 
Although it is not a widely applied technique, synthetic electrochemistry is a growing 
research area and there have been a number of reviews that highlight its applications.49, 50, 51,52 
Theoretically, the reduction of amides to amines can be effected electrochemically by a route 
summarised in  
Scheme 1.18. 
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Scheme 1.18: Electrochemical reduction of amides to amines. 
The carbonyl group of amides, lactams and imides has been reported to be reduced 
electrochemically using lead and mercury cathodes in acidic catholytes.53, 54 Depending on 
the structure of the starting material, reaction conditions and the acidity of the catholyte, the 
reduction can lead to different products (outlined in Scheme 1.19).  
 
Scheme 1.19: Products accessible from cathodic reduction.53 
The most common competitive processes are the formation of aldehydes and alcohols, which 
can be dependent on pH. For example, Lund demonstrated that isonicotinic amide 1-49 was 
reduced to the aldehyde 1-50 in strong acidic solutions (pH <1), while the alcohol 1-51 was 
formed in a less acidic (pH 3.5) solution (Scheme 1.20).55  
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Scheme 1.20: Electrochemical reduction isonicotinic amide 1-49 under different acidic conditions.55 
On the other hand, the reduction of nicotinamide 1-52 under aqueous acidic conditions (< pH 
3) was carried out by Mellado et al. and they found that the product of the 2-electron, 2-
proton transfer reaction provided the hydrated form of the aldehyde 1-53 (Scheme 1.21).56 
 
Scheme 1.21: Mechanism for the electrochemical reduction of nicotinamide 1-52. 
Aliphatic amides were also reduced to the aldehyde with electrochemically generated 
solvated electrons in methylamine, using lithium chloride as the supporting electrolyte.57 
Aromatic amides in neutral or basic alcoholic catholytes provides the alcohol; N-
benzylbenzamide 1-54 in alcoholic media gave either benzylalcohol 1-55 and ammonia or 
benzylamine 1-56 from the cleavage reaction (Scheme 1.22).54, 58 The product afforded in this 
case is dependent on the electrolyte used (the potential is not quoted for the reduction).  
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Scheme 1.22: Electrochemical reduction of N-benzylbenzamide 1-54 in alcoholic solutions.54, 58 
Thus, reaction conditions have to be carefully controlled for optimum selectivity. Generally, 
amides were reduced electrochemically to the corresponding amine in acid catholytes using 
lead cathodes.59 Imides were also reduced in acid catholytes, largely at Pb cathodes. As early 
as 1899, Tafel demonstrated that N,N-dimethylbenzamide 1-57 can be reduced to N,N-
dimethylbenzylamine 1-58 using 50% H2SO4 at 35 C and a lead cathode (Scheme 1.23).
60 A 
current efficiency of 11% was recorded and a yield of 63% achieved.  
 
Scheme 1.23: Electrochemical reduction of N,N-dimethylbenzamide 1-57.60 
Table 1.2 shows the structures of some amides and imides that have been reduced 
electrochemically; it is worth noting that most of these reports are old, with many dating from 
the 1940’s-1960’s. It is clear from the results that more substituted the N-groups afford 
greater yields of the amine products, suggesting that reduction is easier as the electron 
donating character of the N-substituent’s or carbon atom is increased.59 
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Table 1.2: Electrochemical reduction of amides and imides.59, 61 
Entry Starting Material Product 
Cathode 
material 
Amine 
Yield / 
% 
1 
  
Pb 39 
2 
  
Pb 70 
3 
  
Hg 92 
4 
 
 
Pb, Hg 100 
5 
  
Zn, Hg 100 
6 
 
 
Pb 56 
7 
 
 
Pb, Hg 95 
8 
  
Hg 93 
9 
 
 
Hg, Pb, Cd 97 
10 
 
 
Zn, Cd, Pb 61 
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Swann et al., successfully reduced anisamide to 4-methoxybenzylamine at etched zinc, 
cadmium and lead cathodes in H2SO4 catholytes.
61 A lead cathode provided the best yield of 
4-methoxybenzylamine (61%) with a cathode area of 100 cm2, current density 0.05 A cm -2  
between 30-37 C.61  
Several studies have reported the electrochemical reduction of phthalimide derivatives; 
Sakurai reduced phthalimide, N-methylphthalimide, and N-ethylpthalimide at zinc amalgam 
cathodes using acid electrolytes.62   
Much more recently, Fechete and Jouikov reported a cathodic reduction of phthalimide 1-59 
to 2,3-dihydro-1H-isoindoline 1-60 (Scheme 1.24).63 
 
Scheme 1.24: Reduction of phthalimide 1-59 to 2,3-dihydro-1H-isoindoline 1-60.63 
In this work, the reduction was performed in a water-acetonitrile electrolyte acidified with 
H2SO4 using a range of cathodes. In an acidic media, hydrogen evolution was a competitive 
process with carbonyl reductions.63 Thus, to achieve improved current efficiency for the 
reaction, cathode materials with high hydrogen evolution over-potentials (Pb, Hg, Cd) were 
chosen. The potential window used to maintain high current efficiency at pH 2 was -0.9 V < 
E < -1.1 V (SCE), where yields of 1-60 achieved at Hg, Cd and Pb were 97%, 95% and 82% 
respectively, comparing very favourably with a 50% reported yield of 1-60 obtained via 
chemical reduction of phthalimide (using BH3/THF). Furthermore there are no side products, 
and complex workup procedures are not required.64 
The reduction of the tetrachlorophthalimide 1-61 provides an example of how potential 
controlled electrolysis can direct the selectivity of the product formed (Scheme 1.25).65 
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Scheme 1.25: Potential controlled reduction of tetrachlorophthalimide 1-61.65 
As shown in Scheme 1.25, it is clear that the alcohol 1-62 is formed at a less negative 
potential (-0.68 V) than the reduction potential required to form the isoindoline derivative 1-
63 (-1.1 V). 
The complete reduction of succinimide 1-64 to pyrrolidine 1-65 was achieved at a zinc 
amalgam cathode in a 50% (w/v) H2SO4 electrolyte (Scheme 1.26).
66 When succinimide 1-64 
was electrolysed at a current density of 1 A m-2 for 6 hours, a 14% yield of the pyrrolidine 1-
65 hydrochloride salt was recovered, increasing to 28% when the reaction time was doubled. 
If the concentration of the H2SO4 electrolyte exceeded 50% (w/v) the succinimide 
decomposed to succinic acid and ammonia. In contrast, no decomposition of the starting 
material was found if a concentration of less than 30% was used. N-methylsuccinimide and 
N-ethylsuccinimide were also fully reduced to the corresponding pyrrolidine using a zinc 
cathode and H2SO4 electrolyte.
67 
 
Scheme 1.26: Reduction of succinimide 1-64 to pyrrolidine 1-65.66 
The reduction of glutarimide 1-66 to piperidine 1-67 was carried out in two steps (Scheme 
1.27): the first reduction to piperidone was achieved using a zinc amalgam cathode in a 20-
30% solution of H2SO4, the second reduction utilised the same cathode material, but the 
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concentration of the electrolyte was increased to 50% H2SO4.
68 The current density for the 
reduction was 88.6 A cm-2, the cathode area was 15.8 cm2 and the temperature was 25 C. 
Under these conditions, 47% of the piperidine hydrochloride can be recovered. A zinc 
amalgam cathode was chosen for the global reduction to the amine, as it was found to 
suppress the level of decomposition of the starting material. In the case of N-phenyl 
glutarimide, a lead cathode and 90% H2SO4 electrolyte was used for the first carbonyl 
reduction. For the second reduction, the lead cathode was replaced with a zinc amalgam 
cathode in a 50% H2SO4 electrolyte solution.  
 
Scheme 1.27: Reduction of glutarimide 1-66 to piperidone 1-67.68 
Electrolytic reductions of acyclic amines have also been reported. These include the 
transformation of N,N-dimethylvaleramide 1-68 to N,N-dimethylamylamine 1-69 and 
acetanilide to ethylaniline, which were conducted in H2SO4 at cadmium, tin, lead, mercury 
and zinc electrodes; lead provided the highest yield of both amines, around 50%.69 The 
conditions for the reduction of 1-68 were 30 % H2SO4 cathode area of 100 cm
2, current 
density 0.05 A cm-2 and a temperature of 30 C (Scheme 1.28).69 Lead was the only cathode 
that showed marked activity although zinc and cadmium showed some activity.59 
 
Scheme 1.28: Electrochemical reduction N,N-dimethylvaleramide 1-68.69 
Further examples of the electrochemical reduction of aliphatic amides 1-69 was demonstrated 
by Sabol et al. in the 1960’s, however the products of the reaction were the corresponding 
alcohol 1-70 or aldehyde 1-71 (Scheme 1.29).57 The reduction was carried out at a Pt 
electrode using monomethylamine and lithium chloride as the electrolyte and when ethanol 
was used as the proton source, the product of the reaction was the aldehyde. Table 1.3 
displays the results obtained for the electrochemical reduction of a range of aliphatic amides 
to alcohols or aldehyde. 
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Scheme 1.29: Electrochemical reduction of aliphatic amides 1-69.57 
 
Table 1.3: Electrochemical reduction of aliphatic amides to the corresponding alcohol or the aldehyde.57 
Entry Starting Material Alcohol Yield      
/ % 
Aldehyde Yield       
/ % 
1 
 
58 0 
2 
 
0 22 
3 
 
59 0 
4 
 
0 28 
5 
 
92 0 
6 
 
51 0 
7 
 
4 50 
8 
 
93 0 
9 
 
0 45 
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It is clear from this literature survey that amides and imides can be reduced 
electrochemically, but much of the work discussed above pre-dates the advent of modern 
spectroscopic techniques for accurate product characterisation. Most of the reductions were 
carried out in H2SO4 electrolytes and generally at lead cathodes, due to its high overpotential 
for hydrogen evolution. Lead also showed higher activity over other cathode material for the 
reduction of amides.  
1.6 Chemical Reduction of C=C bonds 
The utility of alkenes and alkynes in synthetic and natural products chemistry and the 
petroleum, pharmaceutical and agrochemical industries prompted the development of their 
chemistry.70  In particular, the reduction of alkenes has become an essential process for the 
synthesis of bulk and fine chemicals. Typically, C=C bond reduction is achieved by catalytic 
hydrogenation using homogenous or heterogeneous catalysts (Pd or Pt catalyst) and high 
pressures of molecular hydrogen.71   
In 2001 the Nobel Prize in Chemistry was awarded to S. Knowles and R. Noyori for their 
contribution to asymmetric catalysed hydrogenation reactions.72, 73 Although there are 
numerous techniques that have been developed in organic synthesis to achieve C=C bond 
reduction, selective and asymmetric reduction still provides a real challenge to the organic 
chemist.74 A great deal of work has been undertaken over the last 50 years into the 
development of hydrogenation catalysts for the reduction of alkenes. In this literature review 
the methodologies to reduce C=C bonds and conjugated C=C bonds will be reviewed. 
1.6.1 Catalytic Hydrogenation of C=C Bonds 
1.6.1.1 Metallic catalysts 
The first examples of heterogeneous catalytic hydrogenation of ethene and other C=C 
systems were first described in the 1890’s by Sabatier.75 However, it was the pioneering work 
carried out in the 1960’s by Halpern and Wilkinson that led to the first homogeneous 
catalysts for alkene hydrogenation.75 
Halpern et al. reported the successful hydrogenation of maleic, fumaric and acrylic acids 
using a Ru(II) catalyst, Scheme 1.30 shows the hydrogenation of maleic acid 1-72 to succinic 
acid 1-73.76 The Ru(II) catalyst was prepared by the reduction of (NH4)2RuCl6 with TiCl3. 
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Scheme 1.30: Homogeneous catalytic reduction of maleic acid 1-77 using a Ru (II) catalyst.76 
 
In 1965 Wilkinson described a rhodium-based catalyst that was capable of reducing alkenes 
and acetylenes under homogeneous catalysis conditions.77 The catalyst used was 
tris(tripheny1phosphine)chlororhodium(I) and have since become known as Wilkinson’s 
catalyst. The mechanism of alkene hydrogenation using the Wilkinson catalyst is given in 
Scheme 1.31. 
 
Scheme 1.31: Mechanism for the hydrogenation of alkenes using the Wilkinson’s catalyst.78 
Early asymmetric hydrogenation catalysts were based on rhodium and ruthenium centres with 
chiral diphospine ligands such as DIPAMP, DIOP and BINAP (Figure 1-5), some are still 
commonly used today.79 Since the 1970s an impressive number of rhodium and ruthenium 
catalysts with chiral phoshine ligands have been developed, which induce very high 
enantioselective hydrogenation products.80 However rhodium and ruthenium catalysts require 
a coordinating group next to the C=C bond to achieve hydrogenation in high enantiomeric 
excess.  
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Figure 1-5: Structure of diphosphine ligands DIPAMP, DIOP and BINAP.79 
The ﬁeld of iridium-catalyzed hydrogenation began with the discovery of Crabtree’s catalyst, 
[Ir(pyridine)(Cy3P)(COD)] PF6 (COD: 1,4-cyclooctadiene) in 1977.
81, 82 Iridium catalysts 
were further developed by the Pfaltz group, in 1998 they discovered an iridium complex with 
chiral P, N ligands, developed to hydrogenate unfunctionalised alkenes with high 
enantioselective excess (Figure 1-6).80, 83, 84 Over the past decades, a range of iridium 
catalysts have been developed to hydrogenate a wide range of alkenes to provide excellent 
enantioselectivities.79, 85 
 
Figure 1-6: Structure of Crabtree’s catalyst and Pfaltz’s catalyst.79 
Very recently, Chirik et al. described the asymmetric hydrogenation of alkenes using 
enantiopure C1-symmetric bis(imino)-pyridine cobalt complex catalysts.
86 Using this catalyst, 
enantioselective hydrogenation of geminal substituted alkenes 1-76 to 1-78 can be achieved 
(Scheme 1.32). High conversions to the alkane products were found with high enantiomeric 
excess (>90% ee). The transformations were carried out at ambient temperature, low pressure 
and low catalytic loading but the reaction time was long, and benzene (toxic) was used as the 
solvent.  
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Scheme 1.32: Enantoiselective hydrogenation of geminal substituted alkenes.86 
 
1.6.1.2 Non-metallic catalysts 
In 2006, Stephan et al. introduced the concept of “frustrated Lewis pairs” (FLPs), 
combinations of bulky Lewis acids (e.g. boranes or aluminum compounds) and bases (e.g. 
phosphines or amines), which are prevented from the formation of Lewis adducts by steric 
hindrance.87, 88 These FLPs could heterolytically cleave H2, forming phosphonium borates of 
the form [R3PH][BHR3] (Scheme 1.33). They further reported the first non-metal system 
known to reversibly activate and liberate H2.
89 
 
Scheme 1.33: Reversible heterolytic cleavage of H2 using phosphine–borane species 1-79. 
For example, the phosphonium borate (2,4,6-Me3C6H2)2PH(C6F4)BH(C6F5)2  1-82 was 
formed by reaction of the phosphine–borane species (2,4,6-Me3C6H2)2P(C6F4)B(C6F5)2 1-81 
with H2 while heating of the zwitterion above 100 °C liberated hydrogen and regenerated the 
original FLP species (Scheme 1.34). This system provided the first metal-free catalyst for the 
hydrogenation of imines, nitriles, and aziridines to produce primary and secondary amines in 
high yields under relatively mild reaction conditions (5% mol. catalyst, 80°C, 5 atm. H2).
90 
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Scheme 1.34: Catalytic cycle for the reduction of imines using FLP and H2. 
In the following years, several other FLP systems and applications were developed.88  Several 
examples of alkenylboranes were shown to undergo reactions with H2, heterolytically 
splitting dihydrogen in the presence of the Lewis base DABCO while retaining the C=C 
double bond (Scheme 1.35). They were also reported to act as catalysts for the hydrogenation 
of imines under relatively mild reaction conditions (5% mol. catalyst, 120°C, 5 atm H2).
91 
 
Scheme 1.35: Heterolytic cleavage of H2 using amine–borane species. 
Interestingly, some of these alkenylboranes also catalysed the selective hydrogenation of the 
electron-poor C=C double bonds of diaryl-substituted enones 1-88 (Scheme 1.36). 
 
Scheme 1.36: Catalytic enone 1-88 hydrogenation using alkenylborane/DABCO FLP 
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1.7  Alternative C=C Bond Reduction Techniques 
1.7.1 Sodium Borohydride and Metal Salt Systems 
The selective reduction of the C=C bond in conjugated alkenes has been demonstrated by 
Ranu et al. using an indium (III) chloride catalyst and sodium borohydride as the hydride 
source in acetonitrile.92 Alkenes substrates such as α,α-dicyano olefins, cyanoesters, 
cyanophosphates, α,β-unsaturated nitriles and dicarboxylic esters were all successfully 
reduced to the alkane product 1-91 in high yields and fast reaction times. However, it was 
found that for the reduction of chalcones 1-92, both the C=C bond and the carbonyl group 
could both be reduced. If the reaction was quenched with water, a mixture of the saturated 
ketone and the alcohol was formed, whereas quenching with MeOH lead to the sole 
formation of the alcohol. Scheme 1.37 presents the conditions required for the reduction of 
the C=C bond of a conjugated alkene and the reduction of a chalcone to the alcohol 1-93 
product.  
 
Scheme 1.37: Reduction of the C=C bond in a conjugated alkene and the reduction of a chalcone using 
InCl3/NaBH4.
92 
On the other hand, Raney nickel-sodium borohydride system was developed by Rao et al. to 
selectively reduce the C=C bond of unsaturated carboxylic acid derivatives 1-94 via 
generation of H2 in solution (Scheme 1.38).
93  
 
Scheme 1.38: Reduction of C=C bond of unsaturated carboxylic acid derivatives.93 
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Alternative methodologies for C=C reduction include using solvents to provide a source of 
hydrogen such as 2-propanol and hydroxylamine (NH2OH) in the presence of a catalyst.
94, 95 
1.7.2 Non-metallic Reagents 
The Hantzch ester (1,4-dihydropyridine ester 1-98) was reported as an effective reducing 
agent for the reduction of C=C bonds conjugated to electron withdrawing groups. Garden et 
al. described the reduction of 3-methyleneoxindoles 1-96 using the Hantzch ester to the 
saturated product 1-97 (Scheme 1.39).96 Good yields were observed and it was found that the 
reaction rate was dependent on the substituent groups. Chemoselective reduction was 
observed but the solvent system used for the reaction incorporated benzene, which is not an 
acceptable solvent in green chemistry. 
 
Scheme 1.39: Reduction of 3-methyleneoxindoles 1-101 using the Hantzch ester 1-103.96 
 
1.7.3 Silane Reagents 
Silanes have also found utility for the reduction of conjugated C=C bonds in the presence of 
an oxo-rhenium catalyst.97 The reduction of 3-phenylpropanoate 1-99 using a ReIO2(PPh3)2 
catalyst and the silane PhMe2SiH (Scheme 1.40). The reaction was carried out under solvent 
free conditions and at 45 °C, however the reaction required 24 hours to afford only a 
moderate yield of the saturated product.97 
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Scheme 1.40: Reduction of 3-phenylpropanoate 1-99 using a ReIO2(PPh3)2 catalyst and PhMe2SiH. 
 
Xu et al. recently described the use of PMHS, combined with a malononitrile, for the 
reduction of the C=C bond of α,β-unsaturated ketones, catalysed by bismuth triflate (Scheme 
1.41).98 High yields were recorded for the reaction and no hydrosilylation of the carbonyl 
group was observed. However, the reaction progressed at a slow rate (50 hours), 7 
equivalents of the silane PMHS was required and the solvent used was dichloromethane, 
making this process undesirable as a green process. 
 
Scheme 1.41: Reduction of αβ-unsaturated ketones.98 
 
1.7.4 Biological Techniques 
Clostridium sporogenes (previously described for the reduction of amides, section 1.4.5) has 
been used for the reduction of the C=C bond of β,β-disubstituted nitroalkenes 1-103 and α,β-
disubstituted nitroalkenes 1-105 (Scheme 1.42), under a H2 atmosphere.
99 In the case of the 
of β,β-disubstituted nitroalkenes 1-103, high enantioselective reduction was achieved with 
>97% ee and relatively good yields of up to 86%. However for the reduction of α,β-
disubstituted nitroalkenes 1-105 with C. sporogenes, high yields were not observed. 
Chapter 1  Introduction 
62 
 
 
Scheme 1.42: Reduction of β,β-disubstituted nitroalkenes 1-103 and α,β-disubstituted nitroalkenes 1-105 
by Clostridium sporogenes.99 
1.8 Electrochemical Reduction of C=C Bonds 
Interest in the electrochemical reduction of C=C bonds began in the 1940’s with the 
pioneering work of Wawzonek and Laitinen.100 They reported that it was challenging to 
reduce isolated ethylenic bonds that were not conjugated to a carbonyl group or a nitro group. 
However, they demonstrated that phenyl-substituted alkene and acetylene groups were 
reducible at the dropping mercury electrode (DME).100 Scheme 1.43 displays the compounds 
that were reduced in Wawzonek and Laitinen’s study. 
Considering the reduction of the C=C bonds presented in Scheme 1.43, it was found that all 
of the groups were reducible and the hydrogenated products were obtained. Interestingly, 
increasing the substitution of the C=C bond facilitated the reduction process, as the reduction 
potential became less cathodic with the addition of each phenyl ring.  This is potentially 
interesting, as these sterically bulky substrates are generally challenging for metal surface-
catalysed processes. 
In the case of C≡C reduction it was found that phenylacetylene 1-115 was fully reduced in a 
4-electron process, to provide the fully saturated product ethyl benzene 1-116. The reduction 
potentials of styrene 1-113 and phenylacetylene 1-115 were comparable at -2.34 V and -2.37 
V (vs. SCE). 
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Scheme 1.43: Reduction of C=C and C≡C bonds of phenyl substituted alkene and acetylene at the 
Dropping Mercury Electrode. A 75% dioxane/H2O electrolyte was used with tetrabutylammonium iodide 
as the supporting electrolyte. 
The reductions of 4-allylanisole and 1-heptyne however were not successful at the DME,  
suggesting that isolated C=C and C≡C bonds were difficult to reduce electrochemically.100 
However, Campbell and Young demonstrated that alkyl and aryl acetylenes could be reduced 
easily to alkenes at a spongy nickel cathodes (Scheme 1.44).101 A current of 2 A was applied 
during the electrolysis, using an electrolyte of ethanol and H2SO4.  
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Scheme 1.44: Reduction of alkyl and aryl acetylenes at a spongy nickel electrode.  
Under these conditions, other C≡C bonds were reducible (Scheme 1.44). Moderate to good 
yields were obtained of the products and in the case of the 4-octyne 1-119, 5-decyne 1-121 
and diphenylacetylene 1-126 the cis-products were obtained.  In the case of phenylacteylene 
1-123, the C≡C bond underwent a 2-electron reduction to provide the alkene product and a 4-
electron reduction to provide the alkane product. Experiments were also carried out using 
lead, cadmium and platinum electrodes but were unsuccessful.  
The electrochemical reduction of a range of C=C bonds are presented in Table 1.4.59 
Interestingly, the reduction of the aliphatic C=C bond of ethyl acrylate (entry 1) at a mercury 
electrode led to the formation of a dimer product in a moderate yield. Considering the 
reduction of entry 2 and entry 3, the C=C bond was selectively reduced at a mercury 
electrode. In the case of benzoic acid and phenyl acetic acid (entry 4 and 5 respectively) a 
platinum electrode was used to reduce the C=C bonds and also the aromatic rings, to provide 
the cyclohexane acid products.  
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Table 1.4: Electrochemical reduction of C=C bonds.59 
Entry Starting Material Product 
Cathode 
material 
Yield / 
% 
1 
  
Hg 52 
2 
  
Hg 82 
3 
  
Hg N/A 
4 
  
Pt N/A 
5 
  
Pt N/A 
6 
  
Pb, Cd, Sn 78 
In 1983, an example of asymmetric electrochemical reduction was reported by Nonaka et al. 
by utilising a poyl-L-valine coated graphite electrode (Scheme 1.45).102 Poly-L-valine was 
coated on the graphite electrode due to its high optical rotatory capability. Citraconic acid 1-
128 and 4-methylcoumarin 1-130 were reduced at the modified electrode but poor yields and 
enantio excess was observed.102 Modifying the electrode surfaces with a prochiral reagent 
would provide an asymmetric reduction technique that required low levels of prochiral 
reagents and remove the requirement of recovering the prochiral reagent during product 
purification. 
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Scheme 1.45: Asymmetric electrochemical reduction of citraconic acid 1-128 and 4-methylcoumarin 1-130 
at a poly-L-valine coated graphite electrode. 
 
Mahdavi et al. studied the electrocatalytic hydrogenation of cyclohex-2-en-1-one 1-132 at 
nickel boride, nickel and Raney nickel electrodes. 103 The reduction process is outlined in 
Scheme 1.46 and the desired product cyclohexanone 1-133 was obtained as well as 
cyclohexanol 1-134 in which both the C=C bond and the carbonyl group was reduced.  
 
Scheme 1.46: Electrocatalytic hydrogenation of cyclcohex-2-en-1-one 1-132 to cyclohexanone 1-133 and 
cyclohexanol 1-134. 
 It was reported that the selectivity of C=C bond reduction (to provide the ketone product 1-
133) could be improved by decreasing the applied current density (Table 1.5). The greatest 
selectivity was observed at the nickel electrode and the lowest selectivity at the Raney Nickel 
electrode. It was also found that increasing the initial concentration of the starting material 
improved the selectivity of C=C bond reduction.  
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Table 1.5: Effect of the electrode material and the charge passed  for the reduction of cyclcohex-2-en-1-
one 1-132.103 
Electrode / % Conversion / % Selectivity (1-140) / % Current efficiency/ % 
2 F mol-1 4 F mol-1 2 F mol-1 4 F mol-1 2 F mol-1 4 F mol-1 
Ni2B 68 91 74 46 84 71 
Ni 62 90 86 78 71 55 
Raney Nickel 79 95 20 9 143 91 
However, lanthanum-nickel (LaNi5) was used as a selective electrode material for the 
electrochemical hydrogenation of C=C bonds.104 The electrochemical reduction of methyl 
vinyl ketone, 1-decene and 5-hexen-2-one were carried out on a preparative scale, in all cases 
only the C=C bond was reduced and there was no evidence of carbonyl reduction. The LaNi5 
was supported on an Al, Ni or Fe grid and presents the current efficiencies that were recorded 
for the reduction of C=C bonds (Table 1.6). It was found that the grid support for the LaNi5 
electrode had a significant effect on the current efficiency observed. Unsurprisingly, the 
current efficiency was diminished when the iron was the support due to the overpotential of 
hydrogen evolution at iron electrodes.105, 106 Although Al gave the best current efficiencies, 
over time a deposit formed on the Al surface, which hindered the hydrogenation reaction.  
Table 1.6: Electrochemical hydrogenation of C=C bonds at a LaNi5 electrode. 
Substrate Grid Electrolyte Potential / V (SCE) Current efficiency / % 
Methyl vinyl ketone Al H2O -0.6 90-100 
Methyl vinyl ketone Fe H2O -0.9 65 
Methyl vinyl ketone Ni H2O -0.9 95 
1-decene Al EtOH -0.8 100 
1-decene Fe EtOH -0.8 10-15 
1-decene Ni EtOH -0.8 50-65 
5-hexen-2-one Ni EtOH -1.0 45-70 
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Electrocatalytic hydrogenation is based on two mechanisms that included the electrochemical 
generation of hydrogen (adsorbed proton) followed by catalytic hydrogenation. Hydrogen is 
formed according to equations [1-5] to [1-7] on the surface of the electrode material. The 
alkene bond is then adsorbed onto the metal (electrode) surface [1-8] and is hydrogenated [1-
9], desorption then provides the hydrogenated alkane product [1-10] (Scheme 1.47).107 It has 
been reported that electrocatalytic hydrogenation can be affected by the solvent system used 
and the supporting electrolyte.108, 109 
 
Scheme 1.47: Mechanism of electrocatalytic hydrogenation. 
Navarro et al. described the electrocatalytic hydrogenation of organic compounds using a 
sacrificial anode and an iron cathode deposited with nickel.107 They demonstrated that 
conjugated C=C bonds were reducible in good yields and selectivity but also highlighted that 
non-conjugated C=C bonds in compounds such as geraniol and cyclohexane were not 
reducible.107 
The electrochemical hydrogenation of soybean oil in an electrochemical reactor with a proton 
exchange membrane (PEM), a Pd-powder cathode and hydrogen gas as the source of 
hydrogen was reported by Pintauro 110 et al. The process partially hydrogenated the soybean 
oil with a low proportion of trans-fatty acid isomers. Compared to the traditional catalytic 
hydrogenation methods, the electrochemical hydrogenation technique resulted in 20-40% less 
of the undesirable trans-isomer products 110 Factors that influenced the selectivity of the 
reaction included the use of a turbulence promoter and high flow rate and using a bimetallic 
cathode (Pd/Co or Pd/Fe).110 
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1.9 Research Objectives 
The project aims to develop an electrochemical process for an environmentally benign, atom 
and energy efficient method for reducing amides to amines. 
The research objectives of the project are as follows: 
 Design, construction and characterisation of the performance of an electrochemical 
flow reactor with 2D and 3D cathodes, operated in batch recycle mode with 
reservoirs. 
 Develop an experimental methodology to investigate the reduction of amides and 
C=C bonds using the electrochemical flow reactor.  
 Determine reduction kinetics of functionalised amides and substrates containing C=C 
bonds. 
 Determination of product yields in batch electrolyses as functions of electrode 
potential, solvent, reactant initial concentration, conversion, pH and temperature. 
 Design suitable on-line spectroscopic methods to monitor the progress of the 
electrochemical reduction. 
 Evaluation of organic solvents as electrolytes for electrosynthesis, suitable for 
pharmaceutical manufacturing. 
1.10 Thesis Structure 
To satisfactorily achieve and explore the research objectives proposed by this thesis, the 
structure of the thesis is outlined in Figure 1-7. 
 
Figure 1-7: Outline of thesis structure. 
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 Chapter 2: The principles of electrochemical systems will be described. 
 
 Chapter 3: The design of the electrochemical flow reactor will be presented and the 
experimental methodologies used to obtain results and measurements. 
 
 Chapter 4: The results obtained for the reduction of maleimide will be presented and 
discussed. In particular the reduction at a vitreous carbon rotating disc and  using the 
electrochemical flow reactor at both 2D and 3D electrodes 
 
 Chapter 5: The results for the reduction of C=C bonds will be discussed, including the 
determination of the reduction kinetics, the use of 3D graphite electrodes in the 
electrochemical flow reactor and incorporating an on-line UV spectrometer into the 
experimental set-up. Chemoselective and stereoselective C=C bond reduction will be 
presented. 
 
 Chapter 6: The experimental results for the reduction of N,N-dimethylbenzamide in 
the electrochemical flow reactor at a boron doped diamond electrode will be 
discussed. The use of organic solvents will be evaluated to identify an ideal solvent 
for electrolysis.  
 
 Chapter 7: The reduction of a range of functionalised tertiary amides and candidate 
drug molecules are explored. 
 
 Chapter 8: the conclusions and recommendations are evaluated. 
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 Principles of Electrochemical Systems Chapter 2
2.1 Charge-Transfer Controlled Electrochemical Reactions 
Electrochemical reactions are heterogeneous chemical reactions in which charge is 
transferred between an electronically conductive electrode and an ionically conducting 
electrolyte, represented by equation [2.1]. 
 O R
reduction
oxidation
ne    [2.1] 
The oxidised or reduced species may be in solution and therefore must be transported to, and 
from, the electrode surface if the reaction is to be sustained. Thus, the reaction rate may be 
limited by the transport of the electro-active species and/or products in the overall electrode 
process. 
2.2  Transport Processes in Electrochemical Systems 
The Nernst-Planck equation [2.2] relates the flux (Ni) of charged (infinitely dilute) electro-
active solute species i with mobility ui (ui = 0 for uncharged species) to an electrode surface, 
to the vectorial sum of:111 
i) migration in an electric field ϕ; 
ii) diffusion in a concentration gradient  c; 
iii) convection due to local fluid velocity v; 
 i i i i i iN u c D c c v       [2.2] 
where the (electrical) ionic mobility ui is related to the diffusion coefficient by the Nernst-
Einstein equation for electro-active species with n elementary charges:  
 i i
nF
u D
RT
  [2.3] 
The current density, according to Faraday’s Law is then given by: 
Chapter 2  Principles of Electrochemical Systems 
72 
 
 i i
i
j F n N   [2.4] 
Where the current densities at an electrode of area, A, are related to the current I by: 
 
I
j
A
  [2.5] 
Discounting concentration gradients, substitution of equation [2.4] into equation [2.2] 
provides Ohm’s law: 
 j      [2.6] 
2.3 Electrochemical Thermodynamics  
The standard equilibrium potential, 0E for the half-reaction [2.1] can be expressed in terms of 
the standard Gibbs free energy ( 0G ) when the reactants and the products have activities of 
unity:112 
 0 0G nFE    [2.7] 
0G  can also be used to calculate the equilibrium constant for the half-reaction [2.1], when 
the activity of the electrons is unity. 
 0 lnG RT K   [2.8] 
When [2.1] reaches a state of dynamic equilibrium, the Nernst equation describes the 
electrode potential: 
 0O/R O/R
[O]
/ V ln
[R]
RT
E E
nF
 
   
 
 [2.9] 
At electrode potentials more positive than the equilibrium potential, given by the Nernst 
Equation [2.9], species R is oxidised and species O is reduced, and an oxidation or reduction 
current is measured for the case of non-standard conditions. 
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For the generalised charge transfer reaction [2.10]: 
 2q ppA rH ne qB cH O
    
  [2.10] 
Thermodynamics predicts the likelihood of a reaction to occur under specific conditions. 
Considering charge transfer reactions the determining factor is the electrode potential. This 
potential is given by the Nernst equation [2.11]: 
 0/ // V = B A B AE E
2
( ) ( )
   ln  
( ) ( )
p r
q
q c
p
A HRT
nF B H O
  
  
  
 [2.11] 
where the subscripts p and q in reaction [2.10] define the number of atoms associated with 
each species. Parentheses denote activities, whereas brackets indicate concentrations. 
At 298.15 K, the quotient: 
 
2.303
=0.0591  V
RT
F
 [2.12] 
Hence equation can be derived as: 
 0/ // V = B A B AE E
( )0.0591 0.0591
 -   log  
( )
p
q
q
p
Ar pH
n n B
    
  
  
 [2.13] 
The overpotential ( is defined as the driving force at an electrode potential; it is the 
difference between the actual potential E  and the equilibrium potential ( O/RE ) for the charge 
transfer reaction: 
 O/RE E    [2.14] 
Thus, positive overpotentials provide positive currents and conversely negative overpotentials 
give rise to negative currents.  
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2.4 Electrochemical Kinetics 
The Nernst equation applies only under equilibrium conditions and is a thermodynamic 
expression that provides no information about the rate of the charge transfer reaction. 
To understand the kinetics of a charge transfer reaction, a simple model can be developed 
using the following assumptions: 
- the electron transfer step is the rate-determining step 
- the reaction does not involve phase transitions 
The net current density (j) is composed of the partial oxidation current (ja) and the partial 
reduction current (jc), and is equal to zero: 
 0c aj j j    [2.15] 
Net current will flow at potentials other than the reversible potential; these net current 
densities (j) can be described by assuming that the reaction rate is linearly dependent on 
reactant concentration.  
The exchange current density (j0) is a measure of the rate of the reaction under dynamic 
equilibrium conditions. The Butler-Volmer equation [2.16] describes the kinetics of simple 
redox reactions.113 The Butler-Volmer equation is plotted in Figure 2-1 for a simple charge 
transfer reaction. 
 0
(1 )
exp expi i
n F n F
j j
RT RT
 
 
      
     
    
 [2.16] 
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Figure 2-1: Plot of Butler-Volmer equation for simple charge transfer reaction.113 
The Butler-Volmer equation is commonly used in a limiting case as a convenient 
approximation.  Considering equation [2.16], the first exponential term corresponds to the 
contribution of the reverse reaction (anodic) to the net current. This term may be neglected at 
high negative (cathodic) overpotentials, as the net current density is dominated by the partial 
current density for the cathodic reaction and the Butler-Volmer equation [2.16] simplifies to: 
 0 exp
i
c
n F
j j
RT


 
   
 
 [2.17] 
 0log( ) log( ) 2.303
i
c
n F
j j
RT

  
 
[2.18] 
At high positive (anodic) overpotentials, the exponential term corresponding to the forward 
reaction (cathodic) can be neglected and equation [2.16] simplifies to: 
 0
(1 )
exp ia
n F
j j
RT


 
  
 
 
[2.19] 
 
 0
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log( ) log( )
2.303
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n F
j j
RT
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

 
 
[2.20] 
Equations [2.17] and [2.19] are the Tafel equations and Figure 2-2 presents the Tafel plot for 
the Butler-Volmer equation.  There is a linear relationship between log j and  at positive and 
negative overpotentials, the lines should extrapolate to log j0 at = 0, and the gradients of the 
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slopes allow the transfer coefficient to be determined. However, this is only true when 
electron transfer is the sole rate-determining step and the surface and bulk concentrations are 
in equilibrium.  The Tafel plots are only observable when the exchange current density (j0) is 
small compared to the mass transport limited current density. For fast charge transfer 
reactions, the reaction is always at equilibrium and the current densities are governed by mass 
transport only.  
 
Figure 2-2: Tafel plot of the Butler-Volmer equation.113 
 
2.5 Electrochemical Reaction Coupled to Mass Transport 
Electron transfer and mass transport processes are intrinsically coupled in an electrochemical 
reaction, i.e. the transport of the electro-active species must occur prior to any charge transfer 
reaction. At low overpotentials, the transport rates are typically fast in comparison to the 
electron transfer process, and therefore the kinetic process is the rate determining step. As the 
overpotential is increased, an exponential increase in the current density often occurs, the 
electro-active species is increasingly depleted at the interface and a concentration gradient is 
established in the boundary layer. The rate of the reaction is under mixed control as the 
kinetic and mass transport processes are comparable. The surface concentration of the 
electro-active species tends to zero as the overpotential is increased further and a limit is 
reached where the current density is independent of the applied potential and the rate of the 
reaction is governed by mass transport (Figure 2-3).  
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Figure 2-3: Relationship between current density and electrode potential as mass transport rates are 
increased.113 
When mass transport is governed by diffusion, the flux can be directly related to the 
concentration gradient by Fick’s First Law: 
 
i
L i i m i
N
D
j nFN nF c nFk c

    [2.21] 
where km is the mass transport rate coefficient in the bulk solution.
111 
The reactant concentration at the electrode surface depleting to zero is shown in Figure 2-4. 
 
Figure 2-4: Concentration profile for reactions at solid/liquid interfaces.113  
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2.6  Energy Efficiencies of Electrochemical Processes  
The charge (Q) passed during an electrochemical process is calculated from the current (I) 
passed with time: 
 ( )Q I t dt   [2.22] 
The charge yield (  
 ) is the ratio of the theoretical charge (Qp) passed to form product to the 
total charge (Q) passed during electrolysis: 
 
pe
p
Q
Q
   [2.23] 
The theoretical charge is calculated from the stoichiometry of the half-cell reaction using 
Faraday’s Law: 
 
p e
p
p p
m v F
Q
v M
  [2.24] 
where    is the mass of the product P formed during the electrolysis,    is the molar mass 
of P and    represents the electron stoichiometry of  the electrode reaction.
113 A low charge 
yield indicates that a large fraction of the total charge is due to loss reactions. 
The charge yield can then be used to calculate the specific electrical energy consumption 
(  
 ) which is the electrical energy required to form unit mass of the product P in an 
electrochemical cell. It is required for the estimation of operational costs of an 
electrochemical process or reactor. 
 .
3.6
e
p e
p p
nF U
w
M
 
   
 
 [2.25] 
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U is the overall cell voltage and in a cell in which current is passed and the reaction is not in 
thermodynamic equilibrium. U is comprised of the following components which are depicted 
in Figure 2-5. 
i) The thermodynamic potential Ea requirement for the anode reaction, 
ii) The anode overpotential, ηa, which provides the driving force for the anode 
reaction to depart from thermodynamic equilibrium, 
iii) The thermodynamic potential Ec requirement for the cathode reaction, 
iv) The cathode overpotential, ηc, 
v) ohmic potential drop IR, due to resistance in the electrolytes and membrane 
Therefore: 
  
. i
a a c c a a c c
ii
j d
U E E IR E E   

 
           
 
  [2.26] 
For which negative sign represents the cell voltage for an electrolytic reactor where di is the 
current path length and  is the effective conductivity of phase i. 
 
Figure 2-5: Potential distribution in an electrochemical reactor.113 
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2.7 Rotating Disc Electrode 
Rotating disc electrode (RDE) experiments provide a convenient method of studying the 
kinetics of electrochemical reactions, while being able to vary the mass transport rate 
coefficient predictably by varying the disc rotation rate.  
The working electrode consists of a disc of electrode material that is inserted into a 
cylindrical insulating sheath, usually made from PTFE. The electrode is rotated in the 
electrolyte solution of interest to establish a well-defined flow pattern; the rotating motion 
acts as a pump that pulls the solution axially upwards toward the disc, and spins the solution 
out from the disc radially (Figure 2-6).114 This maintains a steady supply of the electro-active 
material to the electrode. 
 
Figure 2-6: Rotating disc electrode set up.113 
The RDE is an example of a hydrodynamic electrode in which rotation forces convection to 
dominate transport to the electrode under laminar flow conditions.114 The solution near to the 
RDE is separated into two regions: a well stirred bulk region and the other a diffusion layer 
Rotating Disc Electrode Cell
r1
Side view
End view
C D
E
F
A
B
H
G
G
A - nitrogen inlet
B - nitrogen outlet
C - reference electrode compartment
D - Pt counter electrode compartment
E - glass Luggin probe
F - ion exchange membrane
G - disc electrode
H - water seal to prevent air ingress 
Disc Electrode
Glass cell
PTFE top
- Disc Electrode
- Insulating Epoxy Resin
- Brass Conductor
reference
electrode counter
electrode
Flow patterns
Chapter 2  Principles of Electrochemical Systems 
81 
 
of thickness δd. The diffusion layer thickness for a RDE decreases with the inverse square 
root of the rotation frequency (f): 
 1/3 1/6 1/20.643d D v f
  [2.27] 
So that the mass transport coefficient (km) is defined by equation [2.30]: 
 2/3 1/6 1/21.554m dk D D v f
   [2.28] 
showing that the mass transport coefficient is dependent on the electrolyte properties and the 
rotation rate. 
Substituting km = IL/nFcA into equation [2.28] provides the Levich equation [2.29] for a RDE 
and predicts the transport limited current as a function of rotation speed. Where IL is the 
limiting current, n is the electron stoichiometry, D is the diffusion coefficient of the electro-
active species and c is the concentration.  
 2/3 1/6 1/21.554LI nFAD v c
  [2.29] 
The Levich equation [2.29] is extremely useful as it predicts the variation in the transport 
limited current against the square root of the rotation rate, producing a straight line which 
passes through the origin.114,115 If the rotation rate is increased, transport of the electro-active 
species is enhanced as the velocity of the solution being drawn to the electrode is increased, 
this in turn compresses the diffusion layer114, enabling electro-active species to diffuse 
through this layer to the electrode at a faster rate. This results in proportionately higher 
current densities, provided the reaction is transport controlled, when a current plateau may be 
evident in voltammogram, provided it is not masked by secondary reactions such as solvent 
decomposition. 
2.8 Chapter Summary 
This chapter has described the theoretical principles of electrochemical systems which 
supplement the experimental work discussed in the following chapters. 
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 Experimental Methodology Chapter 3
This chapter describes the experimental procedures and materials used to obtain the results 
described in this thesis, including rotating disc experiments, batch electrolysis and reactor 
experiments. The fabrication and properties of Boron doped diamond (BDD) electrode 
materials will also be discussed. The synthesis and characterisation of organic compounds are 
given in Appendix 1.  
3.1 Rotating Disc Electrode Experiments 
Rotating disc experiments were carried out using a Pine Electrode Rotator AFMSRCE (Pine 
Research Instruments) at a range of scan rates (10 mV s-1 to 25 mV s-1) and at disc rotation 
rates between 3-50 Hz. An Autolab PGSTAT302N Potentiostat (Metrohm Autolab) was used 
to control the cyclic voltammetry and constant potential experiments. A vitreous carbon RDE 
(Pine Instrument Company) was used to investigate the kinetics of the charge transfer 
reactions. The disc area was 1.97x105 m2 and the diameter was 5 mm. A three-compartment 
glass cell was used for the rotating disc experiments, incorporating a vitreous disc electrode, a 
saturated calomel reference electrode (Monocrystaly), assumed to have a potential of 0.244 V 
(SHE), and a platinum flag counter electrode (Figure 3-1).  
The vitreous carbon (VC) disc electrode was mechanically polished prior to each experiment 
using 300 nm and 0.5 µm silica (Sigma Aldrich) wetted with ultra-pure water (18 MΩ). To 
remove any silica adhered to the electrode surface, the electrode was immersed in ultra-pure 
water and placed in an ultrasonic bath (Thermo Scientific). Nitrogen was bubbled through the 
solution before experimentation for 15 minutes to remove dissolved oxygen, which could be 
reduced at the working electrode. All experiments were carried out a room temperature and 
pressure. 
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Figure 3-1: Schematic of the rotating disc electrode equipment.113 
 
3.2 Batch Electrolysis Experiments 
A glass H-cell was used to carry out batch electrolysis, providing results to compare to 
electrolysis carried out in the electrochemical flow-through reactor. A Nafion ion-permeable 
membrane was used to separate the two compartments, a vitreous carbon electrode (0.001 
m2) was used as the cathode and a platinised titanium mesh was used as the anode; a 
saturated calomel electrode (Monocrystally) was the reference electrode (Figure 3-2).  
 
Figure 3-2: Schematic of the H-cell and equipment setup for batch electrolysis experiments.113 
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The volume of the anode and the cathode compartments was 270 mL; the anolyte consisted 
of 1 M aq. H2SO4 and the catholyte consisted of 0.01 M of the amide substrate with 1 M aq. 
H2SO4 as the supporting electrolyte.  Nitrogen was bubbled through the system to remove 
dissolved oxygen and the cathode was polished prior to each experiment. The catholyte was 
continuously stirred throughout the experiment to enhance mass transport. The potentiostat 
was used to carry out chronoamperometry experiments, holding the cathode at a fixed 
potential with respect to the reference electrode and the current measured for a period of time.  
3.3 Electrochemical Reactor Experiments 
3.3.1 Reactor Modifications 
An ElectroCell Micro Flow Cell® (ElectroCell) was modified for electrosynthesis. Electrodes 
and membrane were purchased from ElectroCell. Vitreous carbon and BDD electrodes were 
used as the cathode materials and the electrode area was 0.001 m2. An IrO2 (Dimensionally 
stable anode for O2) was used as the anode and a Nafion 117 ion permeable membrane 
separated the anode and the cathode compartment. The AgCl reference electrode was custom 
made to be 5 mm in diameter and 45 mm in length (Monocrystaly). Figure 3-3 and Figure 3-4 
display photographs of the flow-through reactor, the VC electrode and the AgCl reference 
electrode, including dimensions. 
  
Figure 3-3: Photograph of the ElectroCell 
reactor with the reactor dimensions. 
Figure 3-4: Photograph of a VC electrode and the 
AgCl reference electrode with dimensions. 
A schematic diagram of the flow-through reactor assembly is given in Figure 3-5 and 
displays the flow configuration within the reactor. The reactor was assembled to allow two or 
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four separate compartment flows, one for the anolyte, one for the catholyte and a further two 
for heating/cooling water. 
 
Figure 3-5: Schematic diagram of the reactor indicating the flow system within the reactor. 
The reactor was modified with a PTFE frame to accommodate the AgCl reference electrode, 
schematic diagrams and photographs are given in Figure 3-6 and Figure 3-7, respectively. 
The PTFE frame design was based upon the original frames used in the reactor and provided 
a cathode compartment volume of 0.0189 L. An extension was designed into the frame to 
hold the reference electrode at a close proximity to the cathode surface. The reference 
electrode was inserted into the extension to be a tight fit to prevent the sealant contaminating 
the reactor, however this limited the maximum flow rate achievable to 90 mL min-1 (leakage 
observed beyond this flow rate).   
PTFE gaskets (Polyflon) were machined for use with the flow-through reactor, to provide 
chemical resistivity and prevent contamination. Chem-Durance tubing (Masterflex L/S-17, 
Cole-Parmer) was used to provide high chemical resistivity and flexibility for use with a 
peristaltic pump; the fittings (Masterflex Barbed Fittings, Cole-Parmer) were made from 
PVDF. Masterflex peristaltic pump (Model 07524-40) was used to circulate the catholyte and 
Williamson’s pumps (Series 200CM) were used to deliver the anolyte and heating/cooling 
water. Figure 3-8 displays the configuration of the modified electrochemical flow-through 
reactor used in the experiments. 
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Figure 3-6: Schematic diagram of the PTFE frame 
designed to hold AgCl reference electrode. 
Figure 3-7: Photograph of the PTFE frame 
holding the AgCl reference electrode. 
 
Figure 3-8: Schematic diagram of the modified electrochemical flow-through components. 
3.3.2 Graphite Felt Electrode 
To increase the electrode surface area, graphite felt (RVC 4002, Le Carbone Lorraine) was 
inserted into the PTFE frame holding the AgCl reference electrode. The graphite felt filled 
the void of the frame and was in contact with a graphite feeder electrode (Figure 3-9). 
 
Figure 3-9: Configuration of the graphite felt inserted into the PTFE reference electrode frame. 
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3.3.3 Reactor Operation Conditions 
The reactor was operated under batch recycle mode with a continuously stirred reservoir, 
Figure 3-10 shows the schematic representation of the experimental set up used for the 
electrochemical reactor investigations. Chronoamperometry and chronopotentiometry 
experiments were carried out using the potentiostat. An Agilent digital multimeter was used 
to measure and record the cell voltage. 
The catholyte consisted of 0.01 M amide and 1 M aq. H2SO4 electrolyte (unless otherwise 
stated) and the anolyte consisted of 1 M aq. H2SO4, the volume of the catholyte and anolyte 
reservoirs were 100 mL. The majority of the experiments were carried out at room 
temperature; however some experiments were carried out at 15 °C and 50 °C by immersing 
the catholyte and anolyte reservoirs into a re-circulatory waterbath (T100R, Grant). The 
reactor was cleaned by flushing methanol and ultra-pure water through the reactor and tubing 
to remove any organic compounds and salts from the system. 
1 mL aliquots were extracted from the catholyte solution for analysis. After each experiment 
the resulting solution was neutralised to pH 10 by the addition of 1 M aq. NaOH, extracted 
with dichloromethane and the solvent evaporated under vacuum.   
 
Figure 3-10: Schematic representation of the electrochemical reactor experimental setup. 
To follow the progress of some reactions a UV-visible spectrophotometer (Agilent 8453) was 
used to measure the concentration of organic compounds in solution. Online measurements 
were taken by incorporating a quartz flow-through cuvette (1 mm wide) into the reactor outlet 
tubing (Figure 3-11). The fibre optic cables (Hellma) were inserted into the cuvette and were 
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connected to the UV-visible spectrophotometer (Aglient 8453); the set-up of the fibre optic 
cables and the quartz cuvette is shown in Figure 3-12. 
  
Figure 3-11: Flow-through 
quartz cuvette (1 mm 
wide).116,117  
Figure 3-12: Fibre optic cable and flow through cuvette set-
up.118 
 
The formation of hydrogen gas is a competing reaction observed at the cathode, during 
electrochemical reduction experiments performed in strongly acidic media (pH 0). To 
quantify the level of hydrogen gas produced during the experiments, a gas counter (MGC-1, 
Ritter) was fitted to the catholyte reservoir, which was sealed during these experiments. A 
photograph and schematic diagram of the gas counter are given in Figure 3-13 and Figure 
3-14 respectively.  
  
Figure 3-13: Photograph of the gas counter.119 Figure 3-14: Schematic diagram of the gas counter.119 
Chapter 3  Experimental Methodology 
89 
 
3.4 Electrode materials: Boron Doped Diamond 
Conductive diamond has generated significant interest as an electrode material from the mid-
1980’s due to its unique characteristics of extreme hardness, chemical stability, low 
capacitance and high thermal conductivity.120 Pure diamond is a natural insulator due to the 
complete sp3-hybridisation of the carbon atoms (Figure 3-15) and has a band gap of 5.47 eV. 
121 However, doping the diamond with boron can transform diamond into an efficient 
electrical conductor.121,122 Boron has an empty p-orbital in its outer shell making it an 
electron acceptor, providing p-type semiconductor properties and lowering the Fermi level to 
enable electrical conductivity in the BDD electrode. A boron doping level of 1020 cm-3 (ca. 
one boron atom per 1000 carbon atoms) affords good electrochemical properties.122  
Boron doped diamond electrodes are fabricated in one of four assemblies outlined in Figure 
3-16.121 The successful growth of diamond at low pressures can be achieved by chemical 
vapour deposition (CVD) of  doped diamond  onto a substrate material.123 Substrate materials 
include silicon, titianium, niobium, vitreous carbon and molybdenum.124  
 
 
Figure 3-15: sp3-
hybridisation of carbon 
atoms in diamond 
structure. 121 
Figure 3-16: BDD electrodes: a) doped diamond film directly on the 
substrate material, b) doped diamond film with an interlayer on the 
substrate, c) doped diamond particles implanted in a conductive substrate 
with a passivation surface layer, and d) doped diamond particles.121 
immobilised on an insulating layer. 
 
Boron doped diamond is a particularly attractive electrode material for organic 
electrosynthesis as it offers a wide potential window of ca. 3-3.5 V in aqueous solutions and 
an even wider window of ca. 5-7.5 V in non-aqueous solutions such as acetonitrile, methanol 
and N,N-dimethylformamide.121,123 Pleskov et al. demonstrated that BDD has a high 
overpotential for hydrogen and oxygen evolution; using 0.5 M aq. H2SO4 as the electrolyte it 
was found that the potential window was ca. -0.75-2.35 V. 121, 125 
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Organic electro-synthesis was also demonstrated at a BDD electrode for the methoxylation of 
p-tert-butyltoluene 3-1 in a methanol-H2SO4-H2O electrolyte, to form p-tert-
butylbenzaldehyde dimethyl acetal 3-4 selectively, Scheme 3.1.126 It was found that the 
mechanism involved the formation of methoxyl radicals which abstract the hydrogen atom 
from p-tert-butyltoluene 3-1 to give the dimer product 3-2 which is then cleaved at the C-C 
bond electrochemically to provide 3-3 and p-tert-butylbenzaldehyde dimethyl acetal 3-4. 
 
Scheme 3.1: Synthesis of p-tert-butlybenzaldehyde dimethyl acetal 3-4 at a BDD electrode in a MeOH-
H2SO4-H2O electrolyte. A possible competitive side reactions is possible via the intermediate dimer 
product 1-11. 126 
BDD is an attractive electrode material as it offers the widest potential window compared to 
other electrode materials, exhibits a high overpotential for hydrogen evolution and is a 
chemically inert material. Other electrodes such as Pb, Hg and Cd provide high 
overpotentials for hydrogen evolution however toxicity issues associated with these materials 
make them undesirable. However, BDD electrodes are currently expensive to fabricate and 
materials such as VC electrode materials can provide a more economical alternative. 
3.5 Chapter Summary 
The chapter describes the modifications made to the commercially available ElectroCell 
Micro Flow Cell® (ElectroCell) and the experimental procedures performed using it. The 
experimental set-up and conditions were also provided for rotating disc and batch electrolysis 
experiments.  
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 Reduction of Maleimide Chapter 4
This chapter discusses the reduction of maleimide 4-1 using the electrochemical flow-through 
reactor. Maleimide 4-1 was chosen as the model substrate as it displays a well understood 
electrochemical reduction mechanism, established by experiments with a rotating disc 
electrode over a wide pH range.127 Herein, results obtained with these compounds will be 
presented and discussed; the detailed experimental procedure is presented in Chapter 3. 
4.1 Maleimide Reduction Kinetics at a Rotating Disc Electrode 
To understand the kinetics and mass transport properties of the reduction process, rotating 
disc electrode (RDE) experiments were carried out. The overall electrochemical reduction of 
maleimide 4-1 is given in Scheme 4.1. 
 
Scheme 4.1: Electrochemical reduction of maleimide 4-1 to succinimide 4-1a. 
Lead was reported previously to be a suitable cathode material for the reduction of amides 59 
and was therefore deposited onto a VC RDE. The VC disc electrode was rotated at 3000 rpm 
in a solution of 0.1 M aq. NaOH containing 100 ppm Pb (II) at a fixed potential of -1.0 V 
(SCE) for 900 s. The total charge passed was of 0.11 C (5583 C m-2) which equates to ca. 
2000 monolayers of Pb on the VC surface.  
Figure 4-1 shows the cyclic voltammogram (CV) for the reduction of 0.01 M maleimide 4-1 
in 1 M aq. H2SO4 using the Pb-coated VC RDE; the potential was scanned between -0.4 and -
1.4 V (SCE) at a scan rate of 25 mV s-1 and at a range of rotation frequencies. Interestingly 
the CV curves show plateau regions around -1.2 V, suggesting that the reduction process is 
operating under mass transport control. The rotation frequency was changed to monitor the 
effect on the current density; it is clear from the graph that increasing the rotation frequency 
increased the current density, due to an increase in the flux of the electro-active species to the 
electrode surface.  
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Figure 4-1: Cyclic voltammogram for the reduction of 0.01 M maleimide 4-1 in 100 mL 1 M aq. H2SO4 at 
a Pb-coated VC RDE; electrode potential swept between -0.4 V and -1.4 V (SCE) at a scan rate of 25 mV 
s-1 and at a range of rotation rates.  
Mass transport controlled current densities are defined by equation [4.1], in which δ is the 
(mean) Nernst diffusion layer thickness. The hydrodynamic regime at downward-facing 
rotating disc electrodes was solved by Levich, enabling mass transport rates to be varied 
predictably, as they increase linearly with the square root of rotation rate. When the electron 
transfer reaction is mass transport controlled, the limiting current density can be given by the 
Levich equation [4.2].115 
 
 /L dj nFDc   [4.1] 
 2/3 1/2 1/61.554Lj nFD c 
   [4.2] 
To confirm that the reduction process was mass transport controlled a Levich plot of the 
square root of the rotation frequency against the limited current density should be linear and 
pass through the origin. The limiting current density for maleimide 4-1 was calculated using 
equation [4.2] when n = 2, D = 1x10-9 m2 s-1 and c = 10 mol m-3 and the Levich plot is given 
in Figure 4-2. The plot shows a linear trend line can be fitted to the measured data which 
passes through the origin, confirming that the reaction was mass transport controlled.  
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The product of this 2-electron reduction was subsequently found to be succinimide 4-1a, i.e. 
the reduction had occurred at the C=C bond rather than at the C=O; this has been previously 
reported by Fletcher et al.127 
 
Figure 4-2: Effect of rotation rate on measured current densities for the reduction of 0.01 M maleimide 4-
1 in 100 mL 1 M aq. H2SO4 using a Pb-coated VC RDE compared with those predicted by Levich’s 
equation.  
Pb was deposited onto the VC RDE prior to each amide RDE reduction experiment. 
However, the surface of the Pb deposited VC RDE varied in appearance after each deposition 
experiment. In some cases the Pb was deposited in patches on the surface and at other times 
the Pb coated the whole surface, i.e. it was difficult to reproduce a fully coated surface. In 
addition, the toxicity of Pb was a particularly unattractive property as an electrode material 
for the prospective use in pharmaceutical manufacturing. Therefore the electrochemical flow-
through reactor incorporated a VC, BDD or a graphite felt cathode in contact with a graphite 
plate feeder electrode for the reduction of C=C bonds.  As a surrogate for these materials, a 
VC RDE was employed to obtain kinetic data, i.e. the relationship between the current and 
electrode potential as functions of experimental variables for these reductions; difficulty was 
experienced fabricating a BDD RDE. 
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Figure 4-3 shows the CV recorded for the reduction of 0.01M maleimide 4-1 in 1M H2SO4 at the VC disc 
electrode between -0.2 and -1.5 V (SCE) at a rotation rate of 1000 rpm and a scan rate of 25 mV s-1.  
In the negative-going potential sweep, maleimide 4-1 reduction began at -0.6 V (SCE), below 
which current densities increased exponentially, then reached the mass transport limited 
current density at -1.2 V (SCE). The further exponential increase in current densities between 
-1.2 and -1.5 V (SCE) was attributed to the evolution of H2 (Scheme 4.2).  
+ -
22H +2e H  
Scheme 4.2: Electrochemical reduction of protons to evolve hydrogen. 
In the positive-going potential sweep between -1.5 and -0.2 V (SCE), there was no evidence 
in the cyclic voltammogram that the reverse reaction of Scheme 4.1 occurred. Figure 4-4 
shows the semi-log plot of the current densities-overpotential relationship for the reduction of 
0.01 M maleimide 4-1 in 1M H2SO4. The equilibrium potential for maleimide (Emal) was 
measured by recording the potential between the VC RDE and the SCE reference electrode in 
a 1M H2SO4 solution containing 0.01M maleimide 4-1 and 0.01M succinimide 4-1a, as no 
value was reported in the literature. The Emal was measured to be -0.12 V (SCE) (Appendix 
3).  The Tafel slope was calculated as 119  ± 7% mV decade-1 and j0 as 1.8x10
-3 ± 5% A m-2, 
which represents the potential region of -0.4 to -0.55 V (SCE) in the cyclic voltammogram 
shown in Figure 4-3. The small exchange current density j0, indicates that a high 
overpotential is required to reach a high current flow. 
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Figure 4-3: Cyclic voltammogram for the reduction of 0.01 M maleimide 4-1 in 100 mL 1 M aq. H2SO4 at 
a VC RDE; electrode potential swept between -0.2 V and -1.5 V (SCE) at a scan rate of 25 mV s-1 and a  
rotation rate of 1000 rpm. 
 
 
Figure 4-4: Effect of overpotential (Edisc-Emal) on log(current density) for the reduction of 0.01 M 
maleimide 4-1 in 100 mL 1 M aq. H2SO4 at a VC RDE at a scan rate of  25 mV s
-1 and a rotation rate of 
1000 rpm. 
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The CV for the reduction of protons to hydrogen (Scheme 4.2) is shown in Figure 4-5 to 
demonstrate the background current density measured for the reduction of 1 M aq. H2SO4 at 
the VC RDE. The onset of hydrogen evolution was detected at ca. -1.2 V (SCE) and current 
densities increased with increasing rotation rate. The semi-log plot of the current density-
overpotential relationship is shown in Figure 4-6. The Tafel slope was derived as 361 mV 
decade-1 and j0 as 0.05 A m
-2. 
 
Figure 4-5: Cyclic voltammogram for the reduction of protons in 100 mL 1 M aq. H2SO4 at a VC RDE; 
electrode potential swept between -0.2 V and -1.5 V (SCE) at a scan rate of 25 mV s-1 and at a range of 
rotation rates. 
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Figure 4-6: Effect of overpotential (Edisc-EHydrogenl) on log(current density) for the reduction of protons in 
100 mL 1 M aq. H2SO4 at a VC RDE at a scan rate of  25 mV s
-1 and a rotation rate of 1000 rpm. 
The kinetics of electron transfer reactions under mixed control can be determined using the 
Koutecky-Levich equation [4.3]; the left term relating to kinetic control and the second term 
relating to diffusion control. A plot of 1/jL against 1/ω
1/2 is shown in Figure 4-7 for the 
reduction of 0.01 M maleimide 4-1 in 1 M aq. H2SO4 at a range of potentials. Extrapolating 
1/ω1/2 →0 removes diffusion limitations and the kinetic rate coefficient can be calculated. 
From Figure 4-7 at each potential, the plots are linear and the calculated kinetic coefficient 
and diffusion coefficient are given in  
Table 4.1. The Levich plot of jL against f
1/2 is shown in Figure 4-8. The experimental plot is 
linear (R2=0.98) and passes through the origin, indicating that the reduction of maleimide was 
mass transport controlled.  
 
2/13/2
6/1 161.111


cnFDnFkcj
  [4.3] 
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Figure 4-7: Koutecky-Levich plots at -1.1, -1.0 and -0.9 V (SCE) for the reduction of 0.01 M maleimide 4-
1 in 100 mL 1 M aq. H2SO4 at a VC RDE at a scan rate of 25 mV s
-1 and a  rotation rate of 1000 rpm. 
Table 4.1: Calculated kinetic and diffusion coefficients for the reduction of 0.01 M maleimide 4-1 derived 
from the Koutecky-Levich Plot, using a kinematic viscosity of 0.9810-6m2 s-1. Calculated for 1 M aq. 
H2SO4 using NRTL thermodynamic model with Hysys© software. 
Potential / V (SCE) k / m s-1 D / m2 s-1 
-0.9 8.84x10-5 1.85x10-9 
-1.0 3.73x10-4 9.89x10-10 
-1.1 7.36x10-4 8.016x10-10 
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Figure 4-8: Effect of rotation rate on measured current densities for the reduction of 0.01 M maleimide 4-
1 in 100 mL 1 M aq. H2SO4 using a VC RDE compared with those predicted by Levich’s equation.
 
The reduction of 0.01 M maleimide 4-1 was also carried out at pH 2 and pH 4 using 0.01 M 
aq. H2SO4 and 0.0001 M aq. H2SO4 electrolyte solutions respectively, a supporting 
electrolyte of 0.1 M Na2SO4 was used to increase the conductivity of the solution. The pH 
was measured using a pH probe (Hanna Instruments Ltd., UK) to ensure the desired pH had 
been achieved. The negative-going sweep for the reduction of 0.01 M maleimide 4-1 at pH 2 
and pH 4 are given in Figure 4-9. In both cases, the current onset for reduction of maleimide 
4-1 was at -0.6 V (SCE) and the current density increased until limiting current densities of 
53.64 and 43.03 A m-2 at pH 2 and pH 4, respectively, were achieved. The lower limiting 
current density at pH 4 may have been limited by the concentration of protons in the 
electrolyte. It should also be noted that the reduction potentials measured for the evolution of 
hydrogen and maleimide 4-1 reduction will shift by 59 mV per pH unit as defined by the 
Nernst equation [2.13] (Chapter 2). This is observable in Figure 4-9 for the reduction of 
maleimide 4-1 at pH 2 and pH 4. 
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Figure 4-9: Cyclic voltammograms for the reduction of 0.01 M maleimide 4-1 in 100 mL 0.01 M aq. 
H2SO4 + 0.1 M Na2SO4 (pH 2) and 100 mL 0.0001 M aq. H2SO4 + 0.1 M Na2SO4 (pH 4) at a VC RDE; 
electrode potential swept between -0.2 V and -1.5 V (SCE) at a scan rate of 25 mV s-1 and a rotation rate 
of 1000 rpm.  
The log current density-overpotential relationships are given in Figure 4-10 and Figure 4-11 
for maleimide 4-1 reduction at pH 2 and pH 4 respectively. The Tafel slope was calculated to 
be 115 ± 9% mV decade-1 and j0 as 9 x10
-5 ± 10% A m-2 at pH 2 and at pH 4 the Tafel slope 
was 161 ± 4 % mV decade-1 and j0 was 6.5x10
-4 ± 3.5% A m-2. The potential region used to 
calculate the Tafel slopes were -0.5 to -0.68 V (SCE) and -0.6 to -0.75 V (SCE) for pH 2 and 
pH 4 respectively. The estimated Tafel slopes suggest that as the pH is increased (lower 
proton concentration); the rate of the kinetic electrode reaction becomes slower.  
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Figure 4-10: Effect of overpotential (Edisc-Emal) on log(current density) for the reduction of 0.01 M 
maleimide 4-1 in 100 mL 0.01 M aq. H2SO4  + 0.1 M Na2SO4 (pH 2) at a VC RDE at a scan rate of  25 mV 
s-1 and a rotation rate of 1000 rpm. 
 
Figure 4-11: Effect of overpotential (Edisc-Emal) on log(current density) for the reduction of 0.01 M 
maleimide 4-1 in 100 mL 0.0001 M aq. H2SO4  + 0.1 M Na2SO4 (pH 4) at a VC RDE at a scan rate of  25 
mV s-1 and a rotation rate of 1000 rpm. 
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In order to simplify the workup procedure and to use less corrosive electrolytes, tests were 
carried out using 0.5 M aq. Na2SO4 (pH 7) as the electrolyte solution. Considering Figure 
4-12, two reduction waves were observed in the CV at ca. -1 V (SCE) and ca. -1.3 V (SCE).   
 
Figure 4-12: Cyclic voltammogram for the reduction of 0.01 M maleimide 4-1 in 100 mL 0.5 M aq.  
Na2SO4 (pH 7) at a VC RDE; electrode potential swept between -0.2 V and -1.8 V (SCE) at a scan rate of 
25 mV s-1 and at a range of rotation rates.  
To establish if two 1-electron processes occurred, the Levich plot for the reduction of 
maleimide 4-1 in 0.5M Na2SO4 was predicted (Figure 4-13). Two predictions were made for 
the limiting current density when n = 1 and when n = 2 and D = 1 x 10-9 m2 s-1. From the 
graph, it is clear that the prediction when n = 1 is a better fit to the measured limiting current 
density, suggesting that two 1-electron reduction processes occurred. This is in good 
agreement with the findings of Barradas et al. who suggested in the pH range of 7-10 the 
dimer product 4-2 is  formed (Scheme 4.3), via a 1-electron transfer to form the radical 
species.127  
 
Scheme 4.3: Mechanism for the formation of dimer 4-2. 
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Figure 4-13: Effect of rotation rate on measured current densities for the reduction of 0.01 M maleimide 
4-1 in 100 mL 0.5 M aq.  Na2SO4 (pH 7) using a VC RDE compared with those predicted by Levich’s 
equation. 
 
4.1.1 Mechanism of Maleimide Reduction 
The mechanism of maleimide 4-1 reduction at pH 1 proposed by Barradas et al. is given in 
Scheme 4.4. 127 
 
Scheme 4.4: Proposed mechanism for the electrochemical reduction of maleimide 4-1. 
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This mechanism is an example of an electron-transfer chemical electron-transfer (ECE) 
process: 
 21O red ox R
n ekn e

      [4.4] 
In an ECE mechanism, the second reduction step often occurs at a potential less negative than 
the first reduction process, resulting in a single irreversible peak in the CV.114 At high 
potential scan rates, the chemical reaction of the second electron transfer can be concealed,114 
as was the case for the reduction of the C=C bond of maleimide 4-1. Although the Levich 
plot and the current density suggested that a 2-electron process had occurred, only a single 
irreversible wave was present in the voltammogram (Figure 4-1).  
4.2 Batch Reactor Investigations 
In order to perform reduction on a preparative scale, batch electrolyses were carried out in a 
glass H-cell with the compartments separated by a Nafion 417 cation-permeable membrane 
(DuPont Inc.). The reduction of maleimide 4-1 was carried out using a vitreous carbon 
cathode with an area of 0.001 m2 and an electrolyte volume of 100 mL. 
The theoretical charge passed in a charge transfer reaction to convert reactant to product is 
given in [4.5]; for the reduction of 0.01M maleimide 4-1 the theoretical charge required for a 
two electron transfer is 192 C.  
 Q mnF  [4.5] 
Figure 4-14 shows the plot for the reduction of maleimide 4-1 in the batch cell using a 
vitreous carbon electrode; the current density decayed with time as expected for a single 
transport controlled reaction. The potential was held at -1.2 V for 15000 seconds, during 
which the total charge passed was 467 C. The current efficiency was calculated with [4.6] to 
be 41%, suggesting that most of the charge being passed during electrolysis was due to the 
evolution of hydrogen.  
 e t
e
Q
Q
   [4.6] 
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Figure 4-14: Current density-time relationship for the reduction of 0.01 M maleimide 4-1 in 100 mL 1 M 
aq. H2SO4 at a VC electrode in a glass H-cell at a potential of -1.2 V (SCE). 
To confirm product formation, the catholyte was neutralised to pH 7 (by the addition of 1 M 
aq. NaOH), and extracted with dichloromethane.  Following evaporation of the solvent, the 
residue was analysed by 1H NMR, which indicated a 40 % conversion of maleimide 4-1 to 
succinimide 4-1a, calculated by the comparison of their methylene resonance signals at 6.71 
and 2.79 ppm, respectively. The low conversion is attributed to the poor current efficiency 
observed. 
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4.3 Maleimide Reduction in Electrochemical Flow-through Reactor 
Following successful reduction of maleimide 4-1 to succinimide 4-1a in the batch cell, 
experiments were repeated in the flow-through reactor operated in batch recycle mode at 
constant cathode potential. The construction of the reactor is described in Chapter 3. 
There is growing interest in the use of continuous flow reactors in organic synthesis for 
several reasons. The main advantages of using flow reactors include high reproducibility, 
improved safety and process reliability as constant parameters can be easily controlled.128, 129 
Utilising the flow-through reactor to carry out electrochemical reduction also improves mass 
transport of the electro-active species to the electrode.  
Chronoamperometry experiments under batch recycle mode with a continuously stirred tank 
were carried out for the reduction of maleimide 4-1. The RDE experiments indicated that the 
limiting current for maleimide 4-1 reduction occurred at a potential of -1.2 V (SCE) therefore 
a CV was recorded using the electrochemical reactor with the AgCl|Ag reference electrode to 
determine the reduction potential in relation to the AgCl|Ag electrode. It was found that the 
reduction potential was -1.2 V (AgCl|Ag) and this potential was applied to the reactor. 
The reduction of 0.01 M maleimide 4-1 in a solution of 1 M aq. H2SO4 was carried out 
initially at a VC electrode at a cathode potential of -1.2 V (AgCl|Ag) and a flow rate of 60 
mL min-1 for 5 hours; the current density-time relationship is given in Figure 4-15. The 
catholyte was neutralised to pH 7 (by the addition of 1 M aq. NaOH) and extracted with 
dichloromethane. The product was identified by 1H NMR to be succinimide 4-1a. 
Succinimide 4-1a was the only product of the reaction and a conversion of 60 % and a 
current efficiency of 62 % observed.  
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Figure 4-15: Current density-time relationship for the reduction of 0.01 M maleimide 4-1 in 100 mL 1 M 
aq. H2SO4 at a VC electrode using the flow-through reactor at a potential of -1.2 V (AgCl|Ag), flow rate of 
60 mL min-1 and room temperature.  
To further investigate the reduction of maleimide 4-1 using the electrochemical flow-through 
reactor, experiments were conducted with BDD as the cathode material, with the same 
conditions outlined above. After 5 hours of electrolysis at -1.2 V (AgCl|Ag), complete 
conversion was achieved with a current efficiency of 96 %. It is thought the process was 
more efficient with the BDD electrode due to the high overpotential for hydrogen evolution 
compared to VC. 
4.3.1 Effect of Volumetric Surface Area 
To scale up the (volumetric) surface area of the cathode, the graphite feeder electrode was 
contacted with graphite felt of specific surface area a  104 m2 m-3 and 11 mm thick in the 
direction of current flow.  
0.01 M maleimide 4-1 in 1 M aq. H2SO4 was reduced at the graphite felt electrode at a fixed 
potential of -1.2 V (AgCl|Ag); the resulting time dependence of the cross sectional current 
density is shown in Figure 4-16.  
Chapter 4   Reduction of Maleimide 
108 
 
 
Figure 4-16: Cross sectional current density-time relationship for the reduction of 0.01 M maleimide 4-1 
in 100 mL 1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a potential of -1.2 
V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature.  
In the direction of current flow, three dimensional electrodes have potential distributions, 
which depend on current density so change with time in batch (recycle) depletion 
experiments.130 Hence, added complexity is to be expected to the behaviour described by 
equation [4.7] and [4.8] below. The AgCl|Ag reference electrode was situated at a distance of 
1 mm from the graphite felt electrode surface, perpendicular to the electrolyte flow direction 
(see Chapter 3 Figures 3.5-3.8). The potential in the electrolyte solution and of the graphite 
felt electrode is dependent on the cross-sectional current density, which depends on the 
reactant concentration. Figure 4-17 displays the equivalent circuit and potential distribution 
for a porous electrode.  
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Figure 4-17: Equivalent circuit and potential distribution for porous electrodes.113 
To follow the progress of the reaction, an UV absorption cell was incorporated into the 
reactor outlet tubing. The C=C bond of maleimide 4-1 has an absorbance maximum at 276 
nm, as shown in the UV spectrum in Figure 4-18; the absorbance at < 240 nm was due to the 
carbonyl groups. 
 
Figure 4-18: UV spectrum of 0.01M maleimide 4-1 in 100 mL 1 M aq. H2SO4; C=C bond absorbance at 
276 nm. 
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The experimental concentration depletion of maleimide 4-1 was calculated from the time 
dependence of the maximum absorbance at a wavelength of 276 nm in the UV spectra.  
For a single reaction operating under complete mass transport control in a plug flow 
electrochemical reactor operating under batch recycle mode with a continuously stirred tank 
reservoir, reactant concentrations and current densities are predicted to decay (approximately) 
exponentially with time131, according to equations [4.7] and [4.8], respectively. 
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The theoretical concentration depletion was calculated using equation [4.7], estimating the 
mass transport coefficient from the correlation developed by Carta et al. at a porous felt 
electrode, equation [4.9]:132 
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The mass transport coefficient (km) was estimated to be 1.7610
-6 m s-1 at a volumetric flow 
rate of 1.010-6 m3 s-1 and using a diffusion coefficient of 1.8510-9 m2 s-1, estimated from 
the rotating disc experiments for the reduction of maleimide 4-1 at pH 0. Figure 4-19 shows 
the experimental and theoretical concentration depletions with time for the reduction of 
maleimide 4-1.  
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Figure 4-19: Comparison of experimental and theoretical depletion of 0.01 M maleimide 4-1 in 100 mL 
1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a potential of -1.2 V 
(AgCl|Ag), flow rate of 60 mL min-1 and room temperature. 
The theoretical concentration depletion of maleimide 4-1 was predicted to occur at a faster 
rate than the experimental data obtained; however, the experimental results show that a 
conversion of ca. 99% after 400 seconds; the theoretical data predicted complete conversion 
after 600 seconds. The discrepancy between the data sets is likely to be due to the theoretical 
data being based on estimated kinetic parameters of km = 1.7610
-6 m s-1 and D = 1.8510-9 
m2 s-1. 
The ln[maleimide]-time relationship, according to equation [4.7], is plotted in Figure 4-20. It 
is clear from this plot that the experimental data has a number of outlying points beyond 800 
seconds, indicating a poor fit to equation [4.7]. Again the plot highlights that the 
experimental depletion of maleimide 4-1 was slower compared to the theoretical prediction. 
 The charge passed after 400 seconds of electrolysis was 181 C, whereas the theoretical 
charge required to reduce 0.01 M maleimide 4-1 was calculated to be 192 C, suggesting that 
after 400 seconds only ca. 95% of the maleimide 4-1 was converted to succinimide 4-1a. The 
UV may not have been able to detect very low levels of maleimide 4-1 that had not been 
reduced, or the unreacted maleimide 4-1 may have been adsorbed onto the surface of the 
graphite felt and not in the bulk solution.  
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Figure 4-20: Comparison of theoretical and experimental ln[maleimide]-time relationship using 0.01 M 
maleimide 4-1 in 100 mL 1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a 
potential of -1.2 V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature. 
Considering the current-time relationship in Figure 4-15, current densities had not decayed to 
the plateau after 400 seconds, also suggesting that there was some unreacted maleimide 4-1 
present in the reactor; after 600 seconds, current densities reached a plateau value due to 
hydrogen evolution. The experimental charge passed after 600 seconds of electrolysis was 
212 C; using this charge for complete conversion of maleimide 4-1 a cumulative current 
efficiency was calculated using [4.6] to be 91 %. Current efficiencies improved significantly 
using the flow reactor compared to the efficiency calculated for maleimide 4-1 reduction in 
the batch H-cell (41%), due to improved mass transport rates.  
In addition, increasing the volumetric surface area of the electrode by using the graphite felt 
had a significant impact on the rate of maleimide 4-1 reduction. After 400 seconds 99 % 
conversion of maleimide 4-1 was achieved using graphite felt compared to 60 % and 100 % 
conversion after 5 hours using the vitreous carbon and BDD electrode respectively.  
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4.3.2 Effect of Flow Rate 
To determine if the reactor was operating under mass transport control and to evaluate the 
effect of residence time on the reaction progress, experiments were carried out at three 
different flow rates, namely 30, 60 and 90 mL min-1, with residence times in the reactor of 
37.8 s, 18.9 s and 12.6 s, respectively.  A Masterflex peristaltic pump (Model 07524-40) was 
used to control the flow rate and was limited using ¼” tubing to a minimum flow rate of 30 
mL min-1, which was therefore the minimum flow rate obtainable in the experiments. The 
AgCl|Ag reference electrode was inserted into a PTFE frame so that it was a tight fit, due to 
the difficulty of sealing onto PTFE. It was also not desirable to use sealant materials that may 
have come into contact with the catholyte, potentially contaminating the solution with 
organic material. Due to the design of the PTFE frame, it was found that flow rates beyond 
90 mL min-1 resulted in the catholyte solution leaking around the AgCl|Ag electrode.   
Figure 4-21 shows the results for the experiments carried out at 30, 60 mL and 90 mL min-1. 
It appears from the current-time relationship that the flow rate had little influence on the rate 
of the reaction with all of the experiments reaching a constant current after ca. 500 seconds. 
However, there was a marginal difference between the reaction times shown, at the fastest 
flow rate the current decayed at a faster rate compared to the slowest flow rate. It is 
interesting that the highest cathodic current was not recorded for the fastest flow rate as 
expected if the reaction was under complete mass transport control. 
As in Figure 4-16, Figure 4-21 exhibits a more complex behaviour than mere exponential 
decay. Here again, this could have been due to a complex reaction mechanism and/or spatial 
distribution of potential, current densities and concentrations in the graphite felt cathode.  
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Figure 4-21: Cross sectional current density-time relationship for the reduction of 0.01 M maleimide 4-1 
in 100 mL 1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a potential of -1.2 
V (AgCl|Ag), flow rates of 30, 60 and  90 mL min-1and room temperature. 
The concentration depletion-time relationship is given in Figure 4-22 for the experimental 
and theoretical data for the reduction of 0.01 M maleimide 4-1 in 1 M aq. H2SO4; a km value 
of 1.7610-6 m s-1 and a diffusion coefficient of 1.8510-9 m2 s-1 were used to calculate the 
theoretical data. The calculated data indicate that the flow rate had a more pronounced effect 
on the concentration depletion compared to the experimental data, the theoretical reaction 
time being ca. 400 seconds at a flow rate of 90 mL min-1 compared to ca. 1000 seconds at a 
flow rate of 30 mL min-1. The experimental data for 90 mL min-1 shows that the reaction was 
completed after ca. 400 seconds, in good agreement with the current decay displayed in the 
current-time plots in Figure 4-21. 
 
Chapter 4   Reduction of Maleimide 
115 
 
 
Figure 4-22: Comparison of experimental and theoretical depletion of 0.01 M maleimide 4-1 in 100 mL  
1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a potential of -1.2 V 
(AgCl|Ag),  flow rates of 30, 60 and  90 mL min-1and room temperature. 
 
Figure 4-23: Comparison of theoretical and experimental ln[maleimide]-time relationship using 0.01 M 
maleimide 4-1 in 100 mL 1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a 
potential of -1.2 V (AgCl|Ag), flow rates of 30, 60 and  90 mL min-1and room temperature. 
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4.3.3 Effect of Temperature 
Considering the proposed mechanism of maleimide 4-1 reduction given in Scheme 4.4, it is 
suggested that after the initial electron and proton transfers, the radical species formed 
undergoes a rearrangement and a keto-enol tautomerisation, the chemical rate determining 
step of the reaction mechanism. Increasing the temperature of the catholyte to 50 °C could 
enhance the rate of the rearrangement and tautomerisation, overall improving the rate of the 
reaction. To increase the reaction temperature, the catholyte and anolyte reservoirs were 
immersed in a water bath. Figure 4-24 shows the current-time relationship for the reduction 
of 0.01 M maleimide 4-1 at room temperature and 50 °C at the graphite felt electrode at a 
potential of -1.2 V (AgCl|Ag). 
 
Figure 4-24: Cross sectional current density-time relationship for the reduction of 0.01 M maleimide 4-1 
in 100 mL 1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a potential of -1.2 
V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature and 50 °C. 
Unfortunately, the results for the experiments carried out at 50 °C were always noisy. 
However, the cross sectional current density-time relationship suggests that the maleimide 4-
1 had been converted after ca. 350 seconds, in good agreement with the UV data showing that 
the maleimide 4-1 was completely depleted in 300 seconds. At room temperature complete 
conversion was obtained after 400 seconds. These results suggest that elevated temperatures 
may increase the rate of the chemical steps occurring in the bulk solution, and/or increase the 
rate of diffusion of the organic from the bulk solution to active sites on the graphite felt 
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electrode surface, improving conversion of the starting material. Further experiments should 
be carried out at higher temperatures to determine if the reaction time could be improved for 
the reduction of maleimide 4-1.  
4.3.4 Effect of concentration 
Gratifyingly, the reduction of 0.01 M maleimide 4-1 to succinimide 4-1a was competed after 
400 seconds of electrolysis at -1.2 V (AgCl|Ag) using a three dimensional graphite felt 
electrode. To determine if high efficiency could be achieved at a higher concentration, 
experiments were carried out using 0.1 M maleimide 4-1 solution. Figure 4-25 compares the 
current-time relationship for the reduction of 0.01 M and 0.1 M maleimide 4-1 in 1 M aq. 
H2SO4. As expected, cathodic current densities increased with increased reactant 
concentration and reaction times. As the concentration of the reactant is increased this 
increases the limiting diffusion current density and therefore higher current densities were 
observed. However, the reaction was completed within 2400 seconds as indicated in Figure 
4-26. Figure 4-27 shows the semi-log plot of maleimide 4-1 depletion compared to the 
theoretical depletion, a slower rate of depletion was observed for the experimental data. The 
charge passed during the reaction was 3645 C whereas the theoretical charge required to 
reduce 0.1 M maleimide 4-1 was 1929 C. Again a poor charge yield was obtained due to the 
competing reaction of hydrogen evolution. Nevertheless, the conversion of a high quantity of 
starting material could be achieved by this method within a reasonable time. 
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Figure 4-25: Cross sectional current density-time relationship for the reduction of 0.01 M and 0.1 M 
maleimide 4-1 in 100 mL 1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a 
potential of -1.2 V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature. 
 
Figure 4-26: Experimental depletion of 0.1 M maleimide 4-1 in 100 mL  1 M aq. H2SO4 at a graphite felt 
electrode using the flow-through reactor at a potential of -1.2 V (AgCl|Ag),  flow rate of 60 mL min-1and 
room temperature. 
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Figure 4-27: Comparison of theoretical and experimental ln[maleimide]-time relationship using 0.1 M 
maleimide 4-1 in 100 mL 1 M aq. H2SO4 at a graphite felt electrode using the flow-through reactor at a 
potential of -1.2 V (AgCl|Ag), flow rate 60 mL min-1and room temperature. 
4.3.5 Effect of pH 
The proton concentration of electrolyte solutions plays an important role in the reduction of 
organic compounds.59 To determine the effect of proton concentration on the reduction of 
maleimide 4-1 in the flow-through reactor experiments were carried out at pH 0, 2 and 4, 
using 1 M aq. H2SO4, 0.01 M aq. H2SO4 and 0.0001 M aq. H2SO4 electrolyte solutions, 
respectively. To improve the conductivity of the electrolytes 0.1 M Na2SO4 was used as a 
supporting electrolyte. Decreasing the proton concentration of the electrolyte would have 
decreased the rate of hydrogen evolution and so could potentially have increased current 
efficiencies of the reaction.  
Figure 4-28 displays the current-time relationship for 0.01 M maleimide 4-1 reduction at pH 
2 and pH 4; currents did not decay exponentially with time as expected, but the current decay 
also did not behave as previously observed for reduction at pH 0 (Figure 4-15). The progress 
of the reactions was much slower at pH 2 and 4; complete conversion of maleimide 4-1 was 
achieved after 3300 seconds at pH 2, whereas at pH 4 complete conversion was not observed 
within 3600 seconds (Figure 4-29). This suggests that a high proton concentration is essential 
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to achieve efficient reduction of maleimide 4-1. The only product of the reduction at pH 2 
and pH 4 was succinimide 4-1a, as expected in this pH range. 
The reaction order with respect to protons was calculated from the initial rate of reaction 
using [4.10]. Plotting the log of the initial rate of the reaction versus pH using [4.11], a 
reaction order of 0.3 (with respect to protons) was calculated suggesting that the reaction was 
not solely kinetically controlled in the flow-through reactor.  
 0 0 0 0[ ] [ ] [ ]
n nV k maleimide H A H    [4.10] 
 0 0log( ) log( ) log([ ] ) log( ) .V A n H A n pH
   
 
[4.11] 
 
Figure 4-28: Cross sectional current density-time relationship for the reduction of 0.01 M maleimide 4-1 
in 100 mL 0.01 M aq. H2SO4 + 0.1 M Na2SO4 (pH 2) and 100 mL 0.0001 M aq. H2SO4 + 0.1 M Na2SO4 (pH 
4) at a graphite felt electrode using the flow-through reactor at a potential of -1.2 V (AgCl|Ag), flow rate 
of 60 mL min-1 and room temperature. 
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Figure 4-29: Comparison of experimental and theoretical depletion of 0.01 M maleimide 4-1 in 100 mL 
0.01 M aq. H2SO4 + 0.1 M Na2SO4 (pH 2) and 100 mL 0.0001 M aq. H2SO4 + 0.1 M Na2SO4 (pH 4) at a 
graphite felt electrode using the flow-through reactor at a potential of -1.2 V (AgCl|Ag), flow rate of 60 
mL min-1 and room temperature. 
 
4.4 Chapter Summary 
Maleimide 4-1 was reduced electrochemically to succinimide 4-1a using the modified 
electrochemical flow-through reactor operated in batch recycle mode. Complete conversion 
of 0.01 M maleimide 4-1 was achieved after 5 hours of electrolysis at -1.2 V (AgCl|Ag) at a 
BDD cathode. Increasing the volumetric surface area of the electrode by incorporating 
graphite felt as the working electrode resulted in 99 % conversion of 0.01 M maleimide 4-1 
in 400 seconds.  
pH 0 was required to achieve the fastest conversion, due to the high concentration of protons 
and beyond pH 7 the desired product, succinimide 4-1a, was not obtained due to a switch in 
the reaction mechanism. Higher initial concentrations starting material were converted within 
a 1 hour period. 
The chapter has demonstrated that the reduction of maleimide 4-1 to succinimide 4-1a was 
achieved successfully at a graphite felt electrode in an aqueous system at high conversions 
and short reaction times. Furthermore, the electrolysis was carried out at ambient temperature 
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and pressure at non-toxic electrode materials; solvents were not required during the 
electrolysis and no waste material was generated in the process. The process qualifies as a 
green chemical technology as it meets a number of the 12 principles of green chemistry.5 
However, to develop the overall process an improvement is required for the isolation of the 
product as in this work dichloromethane was used to extract the product from the aqueous 
solution. 
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 Reduction of C=C bonds Chapter 5
The experimental results in this chapter describe the electrochemical reduction of maleimide 
derivatives (Figure 5-1) to understand the selectivity of the reduction of C=C bonds using the 
electrochemical flow-through reactor system.  
 
Figure 5-1: Maleimide derivatives investigated electrochemically. 
 
5.1 Chemoselective C=C Bond Reduction 
Chemoselective reduction of C=C bonds, particularly conjugated double bonds presents a 
significant challenge in organic synthesis.74 Several reagents, such as Raney nickel, silanes in 
the presence of catalytic rhodium(bisoxazolinylphenyl),133 H2 gas and trialkylammonium 
formates, are available for the reduction of unsaturated carbonyl compounds. However, these 
reagents and the conditions used in some cases do not offer high selectivity. These limitations 
often occur in the presence of other double bonds. For example, the reduction of the enone 
group of intermediate 5-5 using a copper catalyst and a silane reagent (Scheme 5.1). 133 
 
Scheme 5.1: Reduction of intermediate 5-5 using a copper catalyst.133 
Previously, Korotaeva et al demonstrated selective electrochemical reduction of the cyclic 
double bond of the pyridine derivative 5-8 into 5-9, using a mercury pool electrode, 
anhydrous DMF and 0.1 M Bu4NClO4 as a supporting electrolyte (Scheme 5.2).
134 However, 
the process also caused racemisation of a stereogenic centre, leading to a mixture of the cis- 
and trans- diastereoisomers in a ratio of 5:7 (Scheme 5.2).134 
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Scheme 5.2: Chemoselective reduction of C=C bond of pyridine derivative 5-8.51 
To investigate the capability of the electrochemical flow-through reactor as an atom efficient 
and clean technology for chemoselective reduction, N-allylmaleimide 5-1 and N-
propargylmaleimide 5-2 were synthesised to examine whether the C=C bond and/or the 
allyl/propargyl groups would be reduced. Scheme 5.3 shows the synthesis of N-
allylmaleimide 5-1 and N-propargylmaleimide 5-2 via reflux of maleic anhydride 5-10 with 
allylamine 5-11 and propargylamine 5-12 respectively, in acetic acid.135 
 
Scheme 5.3: Synthesis of N-allylmaleimide 5-1 and N-propargylmaleimide 5-2. 
5.1.1 Kinetic Investigation with a Rotating Disc Electrode 
A VC RDE was used to investigate the electrochemical reduction of N-allylmaleimide 5-1 
and N-propargylmaleimide 5-2, to establish kinetic parameters not available in the literature 
and the reduction potential of each substrate for application to the electrochemical flow-
through reactor.  
The substrates were not soluble in 1 M aq. H2SO4, so methanol (MeOH) was added to the 
electrolyte solution to dissolve them. The reduction of N-allylmaleimide 5-1 will be 
considered initially before discussing the reduction of N-propargylmaleimide 5-2 at the RDE. 
Figure 5-2 shows the CV recorded for the reduction of 0.01 M N-allylmaleimide 5-1 in 100 
mL of a mixture of 1 M aq H2SO4 and MeOH (8:2 v/v), at the VC RDE between 0 and -1.5 V 
(SCE) at a range of rotation frequencies and a scan rate of 25 mV s-1. In the negative-going 
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sweep, reduction began at -0.6 V (SCE), below which current densities increased until the 
mass transport limited current density was reached at -1.1 V (SCE). There was no evidence of 
an oxidative process occurring on the subsequent positive-going potential sweep between -1.5 
and -0.2 V (SCE). The potential at which the limiting current was observed was ca. -1.1 V 
(SCE). The exponential increase in current densities between -1.2 and -1.5 V (SCE) was due 
to the evolution of H2. 
Figure 5-3 shows a semi-log plot of the current density-overpotential relationship for the 
reduction of 0.01 M N-allylmaleimide 5-1 in 100 mL of a mixture of 1 M aq. H2SO4 and 
MeOH (8:2 v/v), at the VC RDE at a rotation of 1000 rpm. The Eallyl was measured 
experimentally to be -0.19 V (SCE) (Appendix 3). The Tafel slope was calculated to be 140 ± 
10 % mV decade-1 and j0 as 2.2x10
-3 ± 9 % A m-2 which represents potentials between -0.6 
and -0.75 V (SCE) in the CV shown in Figure 5-2. The Tafel slope measured was slightly 
higher than that measure for maleimide 4-1 (119 ± 7% mV decade-1) suggesting that the 
electrode reaction kinetics were slower for the reduction of N-allylmaleimide 5-1. 
 
Figure 5-2: Cyclic voltammograms for the reduction of 0.01 M N-allylmaleimide 5-1 in 100 mL of a 
mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) at a VC RDE; electrode potential swept between -0.2 V 
and -1.5 V (SCE) at a scan rate of 25 mV s-1 and at a range of rotation rates. 
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Figure 5-3: Effect of overpotential (Edisc-Eallyl) on log(current density) for the reduction of 0.01 M N-
allylmaleimide 5-1 in 100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) at a VC RDE at a scan 
rate of  25 mV s-1 and a rotation rate of 1000 rpm. 
The Levich plot is shown in Figure 5-4 for the reduction of N-allylmaleimide 5-1, calculated 
from the Levich equation (Chapter 4, equation [4.2]). To determine if the process was mass 
transport controlled, and whether it was a one 2-electron reduction or a two 1-electron 
process, when the diffusion coefficient is estimated to be D= 1x10-9 m2 s-1, c=10 mol m-3, n=1 
or n=2. 
 
Figure 5-4: Effect of rotation rate on  measured current densities for reduction of 0.01 M N-
allylmaleimide 5-1 in 100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) using a VC RDE, 
compared with those predicted by Levich’s equation. 
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The result showed that the measured limiting current density fits the predicted limited current 
density when n = 2, suggesting that the process is an overall 2-electron reduction, as for 
reduction of maleimide 4-1 (Chapter 4). As increasing rotation rate did not decrease the 
apparent electron stoichiometry from two towards one, these data imply the intermediate was 
adsorbed, so could not be dispersed to the bulk solution before the second electron transfer 
occurred. The proposed mechanism is given in Scheme 5.4, which parallels that for 
maleimide 4-1 reduction. An initial proton transfer is followed by an electron transfer, the 
resulting intermediate then undergoes a keto-enol tautomerisation RDS and a further proton 
and electron transfer to provide the product. 
A reduction potential of -1.1 V (SCE) was required to achieve transport controlled reduction 
of N-allylmaleimide 5-1. This is thought to be due to the allyl group on the N-atom stabilising 
the radical intermediate formed during the reduction process (Scheme 5.4).   
 
Scheme 5.4: Proposed mechanism for the electrochemical reduction of N-allylmaleimide 5-1 to N-
allylsuccinimide 5-1a. 
Experiments were carried out at pH 2 and pH 4 for the reduction of 0.01 M N-allylmaleimide 
5-1 at the VC RDE; the CV is shown in Figure 5-5. At pH 2, the reduction of N-
allylmaleimide 5-1 began at -0.6 V (SCE) and a limiting current of ca. 80 A m-2 at -1.1 to -1.4 
V (SCE) was measured. Whereas at pH 4, the reduction began at -0.8 V (SCE) and a limiting 
current of ca. 40 A m-2 was measured between -1.0 and -1.4 V (SCE). At pH 0 a limiting 
current of ca. 110 A m-2 was observed at -1.2 V (SCE). In both cases (pH 2 and 4), a shift to a 
more negative potential at the limiting current was observed compared to the CV recorded for 
the reduction at pH 0 as predicted by the Nernst equation (Chapter 2, equation [2.13]).  
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Figure 5-5: Cyclic voltammograms for the reduction of 0.01 M N-allylmaleimide 5-1 in 100 mL of a 
mixture of  0.01 M aq. H2SO4 + MeOH (8:2 v/v) + 0.5 M Na2SO4  (pH 2) and 100 mL of a mixture of 
0.0001 M aq. H2SO4 + MeOH (8:2 v/v) + 0.5 M Na2SO4 (pH 4) at a VC RDE; electrode potential swept 
between 0 V and -1.75 V (SCE) at a scan rate of 25 mV s-1 and a  rotation rate of 1000 rpm. 
Figure 5-6 shows the CV for the reduction of 0.01 M N-propargylmaleimide 5-2 in 100 mL 
of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v), at a VC RDE between -0.2 and -1.2 V 
(SCE) at a range of rotation frequencies and a scan rate of 25 mV s-1. Reduction began at -0.6 
V (SCE) and the limiting current density was achieved at -1 V (SCE), below which the onset 
of hydrogen evolution was evident. The semi-log plot of current density-overpotential is 
shown in Figure 5-7; the Eprop was measured experimentally to be -0.18 V (SCE) (Appendix 
3). From the plot a Tafel slope of 117 ± 9 % mV decade-1 and the exchange current density j0 
3.5x10-3 ± 6% A m
-2 were calculated  between -0.5 and -0.6 V (SCE) in the CV shown in 
Figure 5-6. The Tafel slope is in good agreement with the Tafel slope measure for maleimide 
4-1. 
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Figure 5-6: Cyclic voltammogram for the reduction of 0.01 M N-propargylmaleimide 5-2 in 100 mL of a 
mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) at a VC RDE; electrode potential swept between -0.2 V 
and -1.2 V (SCE) at a scan rate of 25 mV s-1 and at a range of rotation rates. 
 
 
Figure 5-7: Effect of overpotential (Edisc-Epropargyl) on log(current density) for the reduction of 0.01 M N-
propargylmaleimide 5-2 in 100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) at a VC RDE at a 
scan rate of  25 mV s-1 and a rotation rate of 1000 rpm. 
Figure 5-8 shows the reduction of N-propargylmaleimide 5-2 in 100 mL of a mixture of 
0.0001 M aq H2SO4 and MeOH (8:2 v/v) and 0.1 M Na2SO4, to provide pH 4. The limiting 
current density of ca. 40 A m-2 for the reduction of N-propargylmaleimide 5-2 was measured 
between -1.0 and -1.4 V (SCE).  
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Figure 5-8:Cyclic voltammogram for the reduction of 0.01 M N-propargylmaleimide 5-2 in  100 mL of a 
mixture of 0.0001 M aq. H2SO4 + MeOH (8:2 v/v) + 0.5 M Na2SO4 (pH 4) at a VC RDE; electrode 
potential swept between -0 V and -1.75 V (SCE) at a scan rate of 25 mV s-1 and a  rotation rate of 1000 
rpm. 
The results obtained from the RDE experiments suggest that the reduction of N-
allylmaleimide 5-1 and N-propargylmaleimide 5-2 undergo a 2-electron process resembling 
the reduction mechanism of maleimide 4-1 (Chapter 4). Again it is thought that an ECE 
mechanism occurs to reduce the cyclic C=C bond, with only one of the electron transfers 
detected in the voltammograms (Figure 5-2, Figure 5-5 and Figure 5-6). This implies that the 
second electron transfer is limited, possibly by its equilibrium potential E2 < E1 and buried in 
hydrogen evolution.  
However, for the case of N-propargylmaleimide 5-2 reduction at pH4 (Figure 5-8) indicated 
an initial electron transfer occurring at ca. -0.7 V (SCE) which suggests under these 
conditions a different reaction mechanism was operative (e.g. disproportionation of a radical 
anion intermediate into N-propargylsuccinimide 5-2a and starting material 5-2).  
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5.1.2 Kinetic Investigations with the Flow-through Electrochemical Reactor  
Preparative electrolysis was carried out in the electrochemical flow-through reactor operating 
in batch recycle mode with a continuously stirred tank reservoir to determine the products of 
N-allylmaleimide 5-1 and N-propargylmaleimide 5-2 reduction.  
Based on the data obtained in the rotating disc experiments, initial experiments were carried 
out for the reduction of 0.01 M N-allylmaleimide 5-1 in 500 mL of a mixture of 1 M aq. 
H2SO4 and MeOH (8:2 v/v), using the flow-through reactor at both VC and BDD electrode 
materials. A constant potential of -1.1 V (AgCl|Ag) was applied for 5 hours and at a flow rate 
of 60 mL min-1. The aim of these experiments was to determine if one of the C=C bonds of 
N-allylmaleimide 5-1 would be reduced selectively on a preparative scale. Figure 5-9 
displays the current density-time relationship for the reduction of 0.01 M N-allylmaleimide 5-
1 at a VC electrode. The current density recorded started at ca. -60 A m-2 and decayed to ca. -
35 A m-2. A charge of 725 C was passed during electrolysis at the VC electrode and a 
conversion of 59 % and current efficiency of 79 % was achieved. 
  
Figure 5-9: Current density-time relationship and charge passed for the reduction of 0.01 M N-
allylmaleimide 5-1 in 500 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) and the background 
solution (without N-allylmaleimide 5-1) at a VC electrode using the flow-through reactor at a potential of 
-1.1 V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature.   
After neutralisation and extraction with CH2Cl2, the 
1H NMR indicated that gratifyingly the 
cyclic C=C bond of N-allylmaleimide 5-1 had been reduced while the allyl group remained 
intact, providing N-allylsuccinimide 5-1a as the only product (Scheme 5.5). As the cyclic 
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C=C bond is more electron deficient, the addition of two electrons and two protons to the 
conjugated C=C bond is more favourable than addition to the allyl group. 
 
Scheme 5.5: Electrochemical reduction of N-allylmalemide 5-1 to N-allylsuccinimide 5-1a. 
The highest rate of conversion and the greatest current efficiency were recorded when BDD 
was used as the cathode material; after 5 hours of electrolysis a conversion of >99% and a 
current efficiency of 85% were attained.  
Table 5.1 presents the current efficiencies, conversion, specific energy consumption and costs 
for the reduction of N-allylmaleimide 5-1 to N-allylsuccinimide 5-1a using the flow reactor. 
The specific electrical energy consumption ( epw ) was calculated using equation [5.1].  
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Table 5.1: Efficiencies for reduction N-allylmaleimide 5-1 using the flow through reactor. 
Electrode VC BDD 
Conversion / % 59 >99 
Current efficiency ep  0.79 0.85 
Specific electrical energy consumption 
/ kWh tonne-1 
1353 1257 
Cost / £ tonne-1 135 125 
Based on these figures, the cost to produce a tonne of the product was calculated from the 
specific electrical energy consumption (equation [2.25] Chapter 2), assuming that the price 
for a kWh of energy was £ 0.1. It is clear that the cost to produce a tonne of product is low, 
indicating that the flow-through reactor is energy efficient.  
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Figure 5-10 displays the current density-time relationship data for the reduction of 0.01 M N-
propargylmaleimide 5-2 at a BDD electrode at a constant potential of -1 V (AgCl|Ag) in 100 
mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v). 
 
Figure 5-10: Current density-time relationship for the reduction of 0.01 M N-propargylmaleimide 5-2 in 
100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) and the background solution (without N-
allylmaleimide 5-1) at a VC electrode using the flow-through reactor at a potential of -1.0 V (AgCl|Ag), 
flow rate of 60 mL min-1 and room temperature.   
The reaction solution was analysed according to the previous method at the end of the 
experiment and 1H NMR analysis indicated that the cyclic C=C bond was selectively 
reduced, while the propargyl and the C=O groups remained intact. N-propargylmaleimide 5-2 
was electrochemically reduced to N-propargylsuccinimide 5-2a as shown in Scheme 5.6. 
 
Scheme 5.6: Electrochemical reduction of N-propargylmaleimde 5-2 to N-propargylsuccinimide 5-2a. 
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5.1.2.1 Effect of Volumetric Surface Area 
As in the case of maleimide 4-1 reduction, the volumetric surface area of the cathode was 
increased by incorporating graphite felt and a feeder electrode into the electrochemical flow-
through reactor in order to decrease the reaction time. An in-situ UV cell was incorporated 
into the reactor outlet tubing to follow the progress of the reaction. Indeed, the cyclic C=C 
bond of N-allylmaleimide 5-1 displays an absorbance peak at a wavelength of 299 nm and in 
the case of the cyclic C=C bond of N-propargylmaleimide 5-2 the absorbance peak was 
observed at 292 nm.  
As expected, the increase in electrode surface area dramatically diminished the reaction time 
for the reduction of N-allylmaleimide 5-1 and N-propargylmaleimide 5-2. Figure 5-11 
displays the cross sectional current density-time relationship for the reduction of N-
allylmaleimide 5-1 at -1.1 V (AgCl|Ag). 92 % conversion was achieved after 30 minutes, 
compared with 80% after 5 hours for the reactor with the BDD cathode. Similarly the 
reduction of N-propargylmaleimide 5-2 at -1.1 V (AgCl|Ag) provided a high conversion of 
95% after 30 minutes. For both experiments, 1H NMR analysis was carried out to verify that 
the only products of the reactions were N-allylsuccinimide 5-1a and N-propargylsuccinimide 
5-2a and that the reduction was chemoselective. 
   
Figure 5-11: Current density-time relationship and charge passed for the reduction of 0.01 M N-
allylmaleimide 5-1 in 500 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) and the background 
solution (without N-allylmaleimide 5-1) at a graphite felt electrode using the flow-through reactor at a 
potential of -1.1 V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature.   
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5.1.2.2 Effect of Temperature 
The effect of elevated temperature was investigated for the reduction of N-allylmaleimide 5-1 
by immersion of the catholyte and anolyte reservoirs in a water bath at 50 °C, to determine if 
the temperature had an effect on the chemoselectivity of the reaction.  
Figure 5-12 shows the cross sectional current density-time relationship for the reduction of N-
allylmaleimide 5-1 at -1.1 V (AgCl|Ag) at 50 °C. Interestingly, cross sectional current 
densities were increased compared with those at room temperature. Based on this data, the 
reaction appeared to reach its end after 15 minutes, suggesting that the elevated temperature 
increased the rate of the reaction.  
The reaction was also monitored by UV spectroscopy. Figure 5-13 shows the experimental 
concentration depletion of N-allylmaleimide 5-1 (experimental concentration according to 
UV absorbance and theoretical concentration calculated from equation [4.7] Chapter 4), 
compared with the theoretical depletion for a single transport controlled reaction (km =1.76 
10-6 m s-1). The plot shows that the concentration  of N-allylmaleimide 5-1 was not depleted 
to zero, but was reaching after 30 minutes a plateau value of 10-3 M (1 mol m-3), i.e. 93% 
conversion. It would be interesting to carry out an experiment for a longer time period to 
determine if complete conversion could be achieved.  
The product of the reaction was nonetheless N-allylsuccinimide 5-1a and the reaction 
temperature did not appear to affect the chemoselectivity of the reaction. Due to synthesis 
difficulty, N-propargylmaleimide 5-2 experiments were not carried out at elevated 
temperature.  
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Figure 5-12: Current density-time relationship and charge passed for the reduction of 0.01 M N-
allylmaleimide 5-1 in 500 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) and the background 
solution (without N-allylmaleimide 5-1) at a graphite felt electrode using the flow-through reactor at a 
potential of -1.1 V (AgCl|Ag), flow rate of 60 mL min-1 and 50 °C.   
 
Figure 5-13: Comparison of experimental and theoretical depletion of 0.01 M N-allylmaleimide 5-1 in  100 
mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) at a graphite felt electrode using the flow-through 
reactor at a potential of -1.1 V (AgCl|Ag), flow rate of 60 mL min-1 and 50 °C. 
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5.1.2.3 Effect of pH 
The reduction of N-allylmaleimide 5-1 and N-propargylmaleimide 5-2 was studied at pH 4 at 
a graphite electrode in the electrochemical flow-through reactor. In the case of the reduction 
of N-allylmaleimide 5-1 at -1.1 V (AgCl|Ag), shown in Figure 5-14, a conversion of 94 % to 
N-allylsuccinimide 5-1a was achieved after 1 hour. However, a conversion of only 85 % was 
achieved for the reduction of N-propargylmaleimide 5-2 at the same potential at pH 4 after 1 
hour. This suggests that the reduction of N-propargylmalemide 5-2 was hindered at pH 4, 
though chemoselective reduction remained and only the cyclic C=C bond was reduced. This 
could suggest that the mechanism of the reduction is not affected by pH variation.  
   
Figure 5-14: Current density-time relationship and charge passed for the reduction of 0.01 M N-
allylmaleimide 5-1 in 100 mL of a mixture of 0.0001 M aq. H2SO4 + MeOH (8:2 v/v) + 0.5 M Na2SO4 (pH 
4) and the background solution (without N-allylmaleimide 5-1) at a graphite felt electrode using the flow-
through reactor at a potential of -1.1 V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature.   
 
5.2 Stereoselective C=C Bond Reduction 
Catalytic hydrogenation of cyclic C=C bonds using H2 and metal catalysts provide cis-
addition products. The electrochemical reduction of C=C bond proceeds via sequential 
electron transfer and H+ addition, and therefore could potentially offer trans-addition of H2, 
which can be achieved using chemical means only via dissolved metal reduction.136 Trans-
addition of H2 to maleimide derivatives is interesting, as it can be used potentially for the 
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synthesis of a range of biologically active natural products and candidate drug molecules that 
contain succinimide functionality (Figure 5-15).136, 137, 138, 139 
 
Figure 5-15: Biologically active succinimide derivatives. 136-139 
To test the stereochemistry of the electrochemical reduction methodology, 3,4-
dimethylmaleimide 5-3 and N-benzyl-3,4-dimethylmaleimide 5-4 were synthesised  (Scheme 
5.7). These syntheses were carried out by refluxing maleic anhydride 5-13 with ammonium 
acetate 5-14 and benzylamine 5-15 respectively in acetic acid.135 
 
Scheme 5.7: Synthesis of 3,4-dimethylmaleimide 5-3 and N-benzyl-3,4-dimethylmaleimide 5-4. 
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5.2.1 Kinetic Investigations with a Rotating Disc Electrode  
Rotating disc electrode experiments were carried out to determine the reduction potential of 
each substrate for application with the flow-through reactor. The reduction of 3,4-
dimethylmaleimide 5-3 and N-benzyl-3,4-dimethylmaleimide 5-4 was studied using a VC 
RDE. Figure 5-16 shows the CV for the reduction of 0.01 M 3,4-dimethylmaleimide 5-3 in 
100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v), between 0 V and -1.75 V (SCE) 
at a range of rotation frequencies. It is clear from the plot that no reduction wave was evident 
in the CV, possibly due to the current density associated with hydrogen evolution. Similarly, 
the CV for the reduction of N-benzyl-3,4-dimethylmaleimide 5-4 (Figure 5-17) did not show 
any reduction waves, again likely masked by the evolution of hydrogen. 
 
Figure 5-16: Cyclic voltammograms for the reduction of 0.01 M  3,4-dimethylmaleimide 5-3 in 100 mL of 
a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) at a VC RDE; electrode potential swept between -0 V 
and -1.75 V (SCE) at a scan rate of 25 mV s-1 and at a range of rotation rates. 
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Figure 5-17: Cyclic voltammograms for the reduction of 0.01 M  N-benzyl-3,4-dimethylmaleimide 5-4 in 
100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) at a VC RDE; electrode potential swept 
between -0 V and -1.75 V (SCE) at a scan rate of 25 mV s-1 and at a range of rotation rates. 
As no information for the reduction was derived from the CV, the reduction potential of -1.2 
V (AgCl|Ag) was applied for the electrochemical flow-through reactor experiments. This 
potential was chosen as it was the reduction potential required to successfully reduce 
maleimide 4-1.  
5.2.2 Kinetic Investigations with the Flow-through Electrochemical Reactor  
The reduction of 3,4-dimethylmaleimide 5-3 and N-benzyl-3,4-dimethylmaleimide 5-4 was 
performed subsequently using the electrochemical flow-through reactor with a BDD cathode 
(Scheme 5.8). 
 
Scheme 5.8: Electrochemical reduction of 3,4-dimethylmaleimide 5-3 and N-benzyl-3,4-
dimethylmaleimide 5-4. 
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Figure 5-18 shows that current densities decayed with time during the reduction of N-benzyl-
3,4-dimethylmaleimide 5-4 using a BDD cathode when the potential was fixed at -1.2 V for 5 
hours. Following extraction of products with CH2Cl2, 
1H NMR indicated that a mixture of 
diastereomers was produced. The 1H NMR data of the cis and trans- products had been 
previously reported.140-142 Thus, a ratio of 2:3 of the cis- and trans-products was identified by 
comparing the relative integrals of the new C-H group signals at 2.95 and 2.45 ppm for the 
cis- and trans- products respectively (Figure 5-19). 
 
   
Figure 5-18: Current density-time relationship and charge passed for the reduction of 0.01 M N-benzyl-
3,4-dimethymaleimide 5-4  in 100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) and the 
background solution without N-benzyl-3,4-dimethymaleimide 5-4 at a BDD electrode using the flow-
through reactor at a potential of -1.2 V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature.   
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Figure 5-19: 1H NMR for the products of the reduction of N-benzyl-3,4-dimethylmaleimide 5-4. 
 
Similarly, by  applying a constant potential at -1.2 V to a solution of 3,4-dimethylmaleimide 
5-3  for 5 hours using BDD, a mixture of diastereomeric products was also obtained in a ratio 
of 2:3, as indicated by 1H NMR (Figure 5-20).  
 
 Figure 5-20: 1H NMR for the products of the reduction of 3,4-dimethylmaleimide 5-3. 
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5.2.2.1 Effect of Volumetric Surface Area 
To see if the increase in volumetric surface area could increase the stereochemistry of the 
products observed for the reduction of 3,4-dimethylmaleimide 5-3 and N-benzyl-3,4-
dimethylmaleimide 5-4. The graphite felt electrode could provide more stereoselective 
adsorption sites on the surface of the electrode compared to the 2-dimensional VC or BDD 
electrodes. 
Figure 5-21 displays the cross sectional current density-time relationship for the reduction of 
3,4-dimethylmaleimide 5-3 at the graphite felt electrode at a fixed potential of -1.2 V 
(AgCl|Ag). After 30 minutes of electrolysis, a 94 % conversion was achieved and a mixture 
of diastereomeric products was obtained in a ratio of 2:3 of the cis- and trans- products. The 
graphite felt electrode appeared to have no effect on the selectivity of the reduction process. 
  
Figure 5-21: Current density-time relationship and charge passed for the reduction of 0.01 M N 3,4-
dimethymaleimide 5-3  in 100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v) and the background 
solution (without 3,4-dimethymaleimide 5-3 at a graphite felt electrode using the flow-through reactor at 
a potential of -1.2 V (AgCl|Ag), flow rate of 60 mL min-1 and room temperature.   
 
However, a shift in the selectivity was observed for the reduction of N-benzyl-3,4-
dimethylmaleimide 5-4 at the graphite felt cathode at -1.2 V (AgCl|Ag). After 30 minutes of 
electrolysis, it was found that the ratio of the cis- and trans-products was 1:3. This suggests 
that the benzyl group influences the selectivity and favours the trans- product. 
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5.3 Chapter Summary 
The electrochemical reductions of a range of maleimide derivatives were investigated to 
determine if chemoselective or stereoselective reduction could be achieved using the flow-
through reactor. After rotating disc electrode experiments were used to determine the 
reduction potential of N-allylmaleimide 5-1 and N-propargylmaleimide 5-2, the cyclic C=C 
bonds in both substrates were successfully reduced chemoselectively using the 
electrochemical reactor. This process is particularly interesting to synthetic organic chemistry 
as it demonstrates an environmentally benign method of reducing a conjugated C=C bond 
which is usually achieved using metal catalysts. Utilising graphite felt as the cathode and 
increasing the temperature to 50 °C decreased the reaction time and had no effect on the 
chemoselectivity of the reaction.  
The electrochemical reduction of 3,4-dimethylmaleimide 5-3 and  N-benzyl-3,4-
dimethylmaleimide 5-4 produced a mixture of diastereomeric products, with a slight bias 
towards the formation of the trans-product (2:3 ratio cis- to trans-). Furthermore, by 
increasing the volumetric surface of the cathode with graphite felt, the stereochemistry of the 
reduction of N-benzyl-3,4-dimethylmaleimide 5-4 was slightly enhanced, producing the 
trans-product at 75% (1:3 ratio cis- to trans-). 
Again, the methodology developed demonstrated that the electrochemical flow-through 
reactor can be employed as an environmentally benign technology for the chemoselective 
reduction of conjugated cyclic C=C bonds and a slight bias towards the stereoselective 
reduction of cyclic C=C bonds. 
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 N, N-Dimethylbenzamide Reduction Chapter 6
The reduction of an amide to provide an amine was highlighted as a key transformation for 
pharmaceutical manufacturing requiring urgent attention. The results discussed in this chapter 
focus on the reduction of N,N-dimethylbenzamide 6-1, this amide was chosen for study as 
Tafel demonstrated in 1899 that N,N-dimethylbenzamide 6-1 was reduced to N,N-
dimethylbenzylamine 6-1a (63% yield) using a current of 2 A, a 50% H2SO4 electrolyte at 35 
C and a lead cathode (Scheme 6-1).59, 60  
 
Scheme 6-1: Reduction of N,N-dimethylbenzamide 6-1. 
Using N,N-dimethylbenzamide 6-1 as the model compound this chapter aimed at establishing 
an improved understanding of the electrochemical reduction mechanism and determine the 
factors that influence the process. A number of conditions were investigated using the 
electrochemical flow-through reactor, including current density, electrode potential, electrode 
material, flow rate, pH, temperature and solvent. The results of these experiments will be 
presented and discussed in this chapter. 
6.1 Cyclic Voltammetry Experiments 
The electrochemical reduction of N,N-dimethylbenzamide 6-1 was carried out in the modified 
electrochemical flow-through reactor. To date, amide reductions have not been reported in a 
flow reactor operating in batch recycle mode with a continuously stirred tank reservoir. The 
reactor design and experimental details are given in Chapter 3.  
Successful amide reductions were described when a highly concentrated H2SO4 electrolyte 
was utilised; up to 50% H2SO4 was required.
59 In this work, H2SO4 was used as the electrolyte 
solution, but at a concentration of 1 M, making the process considerably safer. 
Due to the experimental conditions, it was difficult to utilise a VC RDE, as hydrogen was 
evolved at ca. -1.2 V (SCE) and at potentials beyond -1.8 V (SCE) a bubble was formed on 
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the VC RDE which blocked the electrode surface. Boron doped diamond was chosen as the 
cathode material for amide reduction due to the high overpotential for hydrogen evolution, 
wide potential window, chemical inertness and mechanical stability.121 The BDD electrodes 
were sourced from Electrocell, USA, and consisted of a doped diamond film on a niobium 
support. Difficulty was experienced fabricating a BDD RDE system. Therefore CVs were 
recorded using the electrochemical flow-through reactor at the BDD electrode.  
Figure 6-1 displays the CV of 1 M aq. H2SO4 at a BDD electrode. The potential was swept 
between 3.0 V (AgCl|Ag) and -3.0 V (AgCl|Ag), initially with a positive-going potential 
from 0 V (AgCl|Ag) and at a scan rate of 10 mV s-1. The potential window determined in 1 M 
aq. H2SO4 using the Electrocell BDD electrode was found to be ca. 3.5 V, comparable to that 
with other BDD electrodes.121 In the negative-going potential sweep, current attributed to 
hydrogen evolution started around -1.4 V (AgCl|Ag); the noise observed between -2.0 V 
(AgCl|Ag) and -3.0 V (AgCl|Ag) was due to hydrogen gas bubbles in the cathode 
compartment, blocking sites on the electrode surface.  
  
Figure 6-1: Cyclic voltammogram for the reduction of protons in 100 mL 1 M aq. H2SO4 at a BDD 
electrode; electrode potential swept between 3.0 V and -3.0 V (AgCl|Ag)starting at 0 V, at a scan rate of 
10 mV s-1 and a  rotation rate of 1000 rpm. 
The CV for the reduction of 0.01 M N,N-dimethylbenzamide 6-1 at the BDD electrode in 1 M 
aq. H2SO4 is shown in Figure 6-2. The potential was swept between 0 V (AgCl|Ag) and -3.0 
(AgCl|Ag) at a scan rate of 10 mV s-1. It is clear from the plot that no distinctive reduction 
features were observable in the CV and it was difficult to deduce the exact reduction potential 
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of N,N-dimethylbenzamide 6-1. Therefore, it was decided to begin reactor investigations 
under constant current conditions to verify claims from the early literature that N,N-
dimethylbenzamide 6-1 could be reduced to the corresponding amine N,N-
dimethylbenzylamine 6-1a. 
  
Figure 6-2: Cyclic voltammogram for the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL 1 M 
aq. H2SO4 at a BDD electrode; electrode potential swept between 0 V and -3.0 V (AgCl|Ag) at a scan rate 
of 10 mV s-1 and a  rotation rate of 1000 rpm. 
 
6.2 Chronopotentiometry Results 
Initial investigations were carried out with the reactor operating at constant current density, as 
reported previously to be successful for the reduction of N,N-dimethylbenzamide 6-1 to N,N-
dimethylbenzylamine 6-1a. An experiment was carried out at a current density of  -2000 A m-
2 and the reactor was operated under batch recycle mode with a continuously stirred tank 
reservoir containing 0.01 M N,N-dimethylbenzamide 6-1 and 1 M aq. H2SO4 (100 mL) 
(Figure 6-3). At this current density, a potential of ca. -2.8  0.2 V was measured, the 
fluctuations being due to hydrogen bubbles forming and detaching from the electrode surface. 
The charge passed after 8 hours of electrolysis at -2000 A m-2 was 57 600 C. The theoretical 
charge required to reduce 0.01 M N,N-dimethylbenzamide 6-1 to N,N-dimethylbenzylamine 
6-1a is only 385.94 C; hence, assuming that all the amide was reduced, the overall fractional 
charge yield was poor.  
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Figure 6-3: Potential-time relationship for the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL 
1 M aq. H2SO4 at a BDD electrode using the flow-through reactor at a current density of -2000 A m
-2, flow 
rate of 60 mL min-1 and room temperature.  
 
A current density of -2000 A m-2 was applied due to previous reports of successful amide 
reduction at this current density.60 Furthermore difficulty calculating the limiting current 
density was experienced due to the design of the commercial electrochemical flow-through 
reactor. Mass transport rate predictions apply to developed laminar flow; in the case of the 
commercial reactor the hydrodynamics at the cathode would have been strongly perturbed by 
the design of the fluid entry point.143 The mass transport rate would have also been influenced 
by the rate of hydrogen gas bubble generation.144  
The reaction progress was monitored by GC-MS analysis and the reduction products were 
found to be N,N-dimethylbenzylamine 6-1a, benzaldehyde 6-2 and benzyl alcohol 6-3, 
Scheme 6-2. 
 
Scheme 6-2: Reduction products observed for the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 
mL 1 M aq. H2SO4 at a BDD electrode in the flow-through reactor. A current density of -2000 A m
-2 was 
applied for 8 hours a flow rate of 60 mL min-1 and room temperature. 
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Figure 6-4 displays the mole percentage of the products formed during the course of N,N-
dimethylbenzamide 6-1 reduction. Satisfyingly, 100% of the 0.01 M N,N-dimethylbenzamide 
6-1 was converted to products after 5 hours of electrolysis, equating to a charge of 36 000 C 
being passed.  
   
Figure 6-4: Mole percentage of N,N-dimethylbenzylamine 6-1a , benzaldehyde 6-2 and benzyl alcohol 6-3 
formed during the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL 1 M aq. H2SO4 at a BDD 
electrode in the flow-through reactor at a current density of -2000 A m-2, a flow rate of 60 mL min-1 and 
room temperature. 
After 8 hours of electrolysis, only two products were identified as remaining in the catholyte 
reservoir: N,N-dimethylbenzylamine 6-1a (32.8%) and benzyl alcohol 6-3 (67.2%). 
Benzaldehyde 6-2 was detected during only the first 3 hours of electrolysis and was reduced 
further to benzyl alcohol 6-3, the major product.  
6.2.1 Mechanism of N,N-dimethybenzamide Reduction  
The formation of N,N-dimethylbenzylamine 6-1a, benzaldehyde 6-2 and benzyl alcohol 6-3 
is thought to result from the operation of two competitive pathways, Scheme 6-3. Both of 
these pathways require 4 electrons and 4 protons.53 
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Scheme 6-3: Reduction pathways of N,N-dimethylbenzamide 6-1.  
An initial 2 electron, 2 proton transfer to the precursor was thought to produce an unstable 
hemiaminal intermediate 6-4 (Scheme 6-4). The hemiaminal could then undergo elimination 
of either water or dimethylamine, to produce N,N-dimethylbenzylamine 6-1a or benzyl 
alcohol 6-3, following successive 2-electron, 2 H+ reduction processes (Scheme 6-5). The 
product distribution appears dependent on the equilibrium between the elimination of water 
and dimethylamine. 
 
Scheme 6-4: Mechanism for the formation of the hemiaminal intermediate 6-4. 
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Scheme 6-5: Mechanism for the formation of N,N-dimethylbenzylamine 6-1a or benzyl alcohol 6-3 from 
6-4. 
From the initial experiment carried out a constant current density, it was found the major 
product was benzyl alcohol 6-3 and the minor product, the desired product, was N,N-
dimethylbenzylamine 6-1a in a ratio of ca. 2.3:1. Experiments were carried out to determine 
the effects of applied current density, cathode material, flow rate, temperature and pH on the 
product yield and product distribution. 
6.2.2 Effects of Applied Current Density and Cathode Material 
To determine whether cathode material or applied current density could affect the selectivity 
of the reduction process, BDD and Pb cathodes were employed. Boron doped diamond and 
Pb electrodes were selected as cathode materials because of their high overpotentials for 
hydrogen evolution, the competing reduction process. However, materials have different 
overpotentials for hydrogen evolution therefore applying the same current density to the BDD 
and the Pb electrodes could give rise to different reduction potentials. Therefore the 
experiments were carried out at current densities of -1000 and -2000 A m-2 at the BDD and 
Pb electrodes to determine if the current density affected the results. 
Table 6.1 displays the results for the reduction of 0.01 M N,N-dimethylbenzamide  6-1 in 1 M 
aq. H2SO4 (100 mL) at BDD and Pb electrodes at applied current densities of -1000 or -2000 
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A m-2. Each experiment was carried out at a flow rate of 60 mL min-1 and room temperature 
for 8 hours.  
Table 6.1: Results for the reduction of 0.01 M  N,N-dimethylbenzamide 6-1 after 8 hours of electrolysis  in 
100 mL 1 M aq. H2SO4 at a BDD and Pb electrode in the flow-through reactor at a current density of -
2000 A m-2, a flow rates of 60 mL min-1 and room temperature. 
Electrode Current density 
/ A m-2 
Conversion amide 
 / % 
Amine  
/ % 
Alcohol  
/ % 
BDD -1000 100 30.5 69.5 
BDD -2000 100 32.8 67.2 
Pb -1000 100 29.8 70.2 
Pb -2000 100 22.3 77.7 
Conversion and yield calculated from GC-MS analysis using an internal standard method, diethylene glycol was 
used as the standard material. 
There was no significant difference in the product ratio and full conversion of the starting 
material was achieved after 5 hours of electrolysis with the BDD cathode at current densities 
of -1000 and -2000 A m-2. In both cases, the ratio of products was ca. 2.3:1 benzyl alcohol 6-
3 to N,N-dimethylbenzylamine 6-1a. As shown in Figure 6-4, benzaldehyde 6-2 was 
produced as an intermediate during the reduction process but underwent a further 2 electron, 
2 proton reduction process to form benzyl alcohol 6-3. This was also the case for the Pb 
cathode, for which full conversion was observed after 7 hours of electrolysis. The product 
ratios at -1000 A m-2 and -2000 A m-2 were 2.35:1 and 3.48:1 respectively. 
These results suggests that the selectivity of N,N-dimethylbenzamide 6-1 reduction was 
independent of the electrode material and the applied current density. The product ratio 
achieved was dependent on the chemical process that occurred after the hemiaminal 
intermediate 6-5 was produced (Scheme 6-5), when control of the selectivity could be 
achieved.  
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6.2.3 Effect of Temperature 
Kinetically controlled electrochemical reactions are not very temperature sensitive, but 
increasing temperatures for diffusion controlled processes increases diffusion rates of the 
organic material from the bulk solution to the electrode surface, improving conversion of the 
starting material. The rate of any subsequent chemical processes coupled to the charge 
transfer reactions may then also be enhanced at elevated temperature. 
Experiments were carried out at 25 and 50 °C to establish whether a higher temperature could 
improve the rate of conversion and if the selectivity of the reaction could be altered. Due to 
the tubing used to pump the catholyte, a maximum temperature of just 50 °C was achievable 
using 1 M aq. H2SO4 as the electrolyte. Beyond this temperature, the tubing manufacturer 
(Cole-Parmer) advised that the tubing was not stable.   
0.01 M N,N-dimethylbenzamide 6-1 in 1 M aq. H2SO4 (100 mL) was reduced at BDD and Pb 
electrodes at constant current density (-1000 or -2000 A m-2), a flow rate of 60 mL min-1 and 
at 25 or 50 °C for 8 hours. The results of these experiments are given in Table 6.2 
Table 6.2: Results for the reduction of 0.01 M  N,N-dimethylbenzamide 6-1 after 8 hours of electrolysis  in 
100 mL 1 M aq. H2SO4 at a BDD electrode in the flow-through reactor at a current density of -2000 A m
-2, 
a flow rates of 60 mL min-1 and room temperature and 50 °C. 
Electrode Current density    
/ A m-2 
Temperature    
/ ºC 
Conversion   
/ % 
Amine / % Alcohol / 
% 
BDD -1000 25 100 30.5 69.5 
BDD -1000 50 100 30.7 69.3 
BDD -2000 25 100 32.8 67.2 
BDD -2000 50 100 31.2 68.8 
Pb -1000 25 100 29.8 70.2 
Pb -1000 50 100 35.4 64.6 
Conversion and yield calculated from GC-MS analysis using an internal standard method, diethylene glycol was 
used as the standard material. 
Considering the data in Table 6.2, all conditions studied provided complete conversion of 6-1 
in 8 hours, but again the ratio of products observed were ca. 2.3:1 benzyl alcohol 6-3 to N,N-
dimethylbenzylamine 6-1a. Experiments carried out at room temperature and 50 ºC indicated 
that the temperature of the catholyte appeared to have little effect on the selectivity, but the 
overall reaction rate increased at the higher temperature. The conversion of the starting 
material reached completion after 5 hours using a Pb cathode and 4 hours using the BDD 
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cathode at 50 ºC (Figure 6-5), whereas complete conversion at room temperature took 7 hours 
on Pb and 5 hours for BDD.  
  
Figure 6-5: Mole percentage of N,N-dimethylbenzylamine 6-1a , benzaldehyde 6-2 and benzyl alcohol 6-3 
formed during the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL 1 M aq. H2SO4 at a BDD 
electrode in the flow-through reactor at a current density of -2000 A m-2, a flow rate of 60 mL min-1 and 
50 °C. 
 
These results suggest that increased temperature may have increased the rate of chemical 
steps occurring in the bulk solution, and/or increases the rate of diffusion of the organic from 
the bulk solution to the electrode surface, increasing the reactant conversion. However, the 
product ratio at both room temperature and 50 ºC remained comparable, although at 50 ºC 
using Pb and -1000 A m-2, there was a slight shift in the product distribution with the 
conditions favouring the formation of N,N-dimethylbenzylamine 6-1a with a ratio of 2.35:1 
of alcohol to amine. 
6.2.4 Effect of Flow Rate 
To determine if the process was mass transport controlled, the effects of increasing flow rates 
were investigated: 30 mL min-1, 60 mL min-1 and 90 mL min-1, at room temperature.  
Complete conversion of the starting material was achieved at all flow rates after 8 hours of 
reduction using BDD at -2000 A m-2 (Figure 6-6, Table 6.3).  
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At the slowest of these flow rates (30 mL min-1), almost 80% of the starting material was 
converted to the products after 1 hour. Complete conversion was achieved after 6 hours. 
(21600 C passed) and 33.3% of N,N-dimethylbenzylamine 6-1a and 66.7 % of benzyl alcohol 
6-3 were obtained. The conversion after 1 hour using 60 mL min-1 was 75%, full conversion 
achieved after 5 hours and the proportion of N,N-dimethylbenzylamine 6-1a and benzyl 
alcohol 6-3 at the end of electrolysis was 31.2% and 68.8%, respectively. Using a flow rate of 
90 mL min-1, the conversion of N,N-dimethylbenzamide 6-1 after 1 hour was 50% and full 
conversion was reached after 6 hours; 29.4 % of the N,N-dimethylbenzylamine 6-1a and 
70.6% of the benzyl alcohol 6-3 were attained.  This suggests that increasing the flow rate 
could affect the rate of hydrogen evolution and bubbles formed in the reactor, hindering the 
reduction of N,N-dimethylbenzamide 6-1. 
  
Figure 6-6: Fractional conversion for the reduction of 0.01M N,N-dimethylbenzamide in 100 mL 1 M aq. 
H2SO4 at a BDD electrode in the flow-through reactor at a current density of -2000 A m
-2, flow rates of 30, 
60 and 90 mL min-1 and room temperature. 
Table 6.3: Results for the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL 1 M aq. H2SO4 at a 
BDD electrode in the flow-through reactor at a current density of -2000 A m-2, flow rates of 30, 60 and 90 
mL min-1 and room temperature. 
Electrode Flow rate / mL min-1 Conversion  / % Amine / % Alcohol / % 
BDD 30 100 33.3 66.7 
BDD 60 100 31.2 68.8 
BDD 90 100 29.4 70.6 
Conversion and yield calculated from GC-MS analysis using an internal standard method, diethylene glycol was 
used as the standard material.. 
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These results suggest that the residence time had a significant effect on the rate of the 
reduction process, but not product selectivity. The residence times for 30 mL min-1, 60 mL 
min-1 and 90 mL min-1 flow rates were 37.8 s, 18.9 s and 12.6 s, respectively. At slower flow 
rates and longer residence times, it is postulated that there is significant absorption of N,N-
dimethylbenzamide 6-1 onto the electrode surface, blocking sites for hydrogen evolution, the 
rate of which is consequently decreased, thus facilitating electron transfer to amide, whereas 
at high flow rates, the proportion of N,N-dimethylbenzamide 6-1 adsorbed onto the electrode 
surface would have been lower and there would be more available sites for hydrogen 
evolution, decreasing the rate of N,N-dimethylbenzamide 6-1 reduction. It would be 
interesting to further decrease the flow rate to 15 mL min-1 and to determine the conversion 
after 1 hour.  
6.2.5 Effect of pH 
A source of protons is required for the reduction of N,N-dimethylbenzamide 6-1, so 1 M aq. 
H2SO4 (pH 0) was used initially as the electrolyte, as  electrochemical reduction of amides 
has reported to be achieved in aq. H2SO4.
59  Experiments carried out in this solution produced 
a molar ratio of ca. 2.3: 1 benzyl alcohol 6-3 to N,N-dimethylbenzylamine 6-1a. To determine 
whether the pH influenced the selectivity of the reduction, experiments were also carried out 
at pH 1 (0.1 M aq. H2SO4) and pH 2 (0.01 M aq. H2SO4) (Table 6.4).  
Table 6.4: Results for the reduction of N,N-dimethylbenzamide 6-1 at BDD at -2000 A m-2  at pH 1 and 2 
and a flow rate of 60 mL min-1, room temperature and 1 M H2SO4 anolyte. 
Electrode pH Conversion   / % Amine / % Alcohol  / % 
BDD 1 92.8 0 82.1 
BDD 2 91.4 0 82.3 
Conversion and yield calculated from GC-MS analysis using an internal standard method, diethylene glycol was 
used as the standard material. 
To improve the conductivity of the electrolyte at pH 1 and 2, 0.5 M Na2SO4 was used as a 
supporting electrolyte; the conductivity of the resulting solutions were 2.68 and 1.32 S m-1, 
respectively. The process did not proceed to complete conversion using these solutions. 
Furthermore, no N,N-dimethylbenzylamine 6-1a was produced; instead, only benzyl alcohol 
6-3 was formed. It is thought that the sodium cations may promote the protonation of the 
nitrogen atom, forming a good leaving group, and as dimethylamine is eliminated, 
benzaldehyde 6-2 is subsequently formed and reduced electrochemically to benzyl alcohol 6-
3. It would be interesting to investigate the effect on the selectivity of the reduction of sodium 
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cations at pH 0 and to identify an additive salt that hinders dimethylamine elimination by 
complexing to the nitrogen. 
6.2.6 On-line Spectroscopic Analysis 
On-line FT-IR and on-line Raman were used to determine if on-line spectroscopic techniques 
could be used to follow the progress of the reaction. Experiments using the FT-IR were not 
successful as the aqueous based electrolyte was so strongly absorbing in the infrared that no 
bands could be identified for the amide, amine, alcohol or aldehyde. 
Although water does not absorb in the Raman spectra, the concentration of the compounds to 
be analysed must be high enough for detection, so the experiments were carried out at 1 M 
N,N-dimethylbenzamide 6-1. Unfortunately after 8 hours of electrolysis (Figure 6-7) there 
appeared to be only starting material evident in the spectrum, benzaldehyde 6-2 was the only 
product identified in the LC-MS. The spectra recorded for amide, amine, alcohol and 
aldehyde are given in Figure 6-8, there were only limited differences between all spectra. 
  
Figure 6-7: Raman spectrum of 1 M N,N-dimethylbenzamide 6-1 before and after 8 hours of electrolysis 
in 1 M aq. H2SO4.  
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Figure 6-8: Raman spectrum of 1 M N,N-dimethylbenzamide 6-1,  N,N-dimethylbenzylamine 6-1a, 
benzaldehyde 6-2 and benzyl alcohol 6-3 in 1 M aq. H2SO4. 
 
6.3 Chronoamperometry Experiments 
6.3.1 Effect of Applied Potential 
The applied electrode potential determines what electrochemical reactions can occur, as well 
as their rates, and can be used to control the selectivity of electron transfer reactions. 59, 145 
Earlier attempts to determine the reduction potential of N,N-dimethylbenzamide 6-1 by cyclic 
voltammetry was hampered by competitive hydrogen evolution (Figure 6-2). Hence, N,N-
dimethylbenzamide 6-1 was reduced for 4 hours each at -2.2, -2.4, -2.6 and -2.8 V 
(AgCl|Ag), from which reduction of the amide was found to be optimally achieved at -2.8 V 
(AgCl|Ag). These potentials were not corrected for uncompensated ohmic potential losses. 
Table 6.5 shows the effect of cathode potential on the conversion of N,N-dimethylbenzamide 
6-1 and the distributions of products after 4 hours of electrolysis. The results indicate that the 
potential controls the selectivity of the reaction; e.g. at a potential of -2.2 V (AgCl|Ag), no 
amine product was obtained, whereas at -2.4, -2.6 and -2.8 V (AgCl|Ag), amine product was 
detectable, but reaching only 5.5 % at -2.8 V. This was accompanied by an increase in yield 
of benzyl alcohol 6-3, which remained the dominant product. 
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Table 6.5: Conversion and mole percentage of products formed after 4 hours of electrolysis of 0.01 M 
N,N-dimethylbenzamide 6-1 in 100 mL 1 M aq. H2SO4 at a BDD electrode in the flow-through reactor at 
a range of potentials, a flow rate of 60 mL min-1 and room temperature. 
Potential 
(AgCl|Ag) / V 
Conversion 
/ % 
Amine / % Aldehyde / % Alcohol  / % H2  / L 
-2.2 5.6 0 0.7 4.9 2.6 
-2.4 35.9 4.3 6.1 25.5 2.9 
-2.6 37.4 1.3 7.8 28.3  3.2 
-2.8 74.7 5.5 6.3 62.9 4.9 
Conversion and yield calculated from GC-MS analysis using an internal standard method, diethylene glycol was 
used as the standard material. 
Figure 6-9 shows current density-time and charge passed for the reduction of 0.01 M N,N-
dimethylbenzamide 6-1 at -2.8 V (AgCl|Ag), at which 45 023 C of charge was passed, 
resulting in a charge yield of 0.047% for the 4F (mol amine)-1 process in the Figure 6-9. The 
poor charge yield can be attributed to the competitive process of hydrogen evolution 
occurring; indeed, 4.9 L of hydrogen was collected over the course of the electrolysis, which 
production alone accounts for 87% of the charge passed. 
  
Figure 6-9: Current density-time relationship and charge passed for the reduction of 0.01 M N,N-
dimethylbenzamide 6-1 in 100 mL of 1 M aq. H2SO4 at a BDD electrode in the flow-through reactor at a 
potential of -2.8 V (AgCl|Ag), a flow rate of 60 mL min-1 and room temperature. 
Had the reduction occurred by a single first order chemical or transport controlled process, 
reactant concentrations and current densities would have decayed exponentially with time. 
However, in this case current densities increased initially to a maximum of -3500 A m-2 
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before decaying. Concurrently, the reaction progress was followed by GC-MS analysis, 
which revealed the presence of the three products identified in previous experiments with 
benzyl alcohol 6-3 as the major constituent.  
The maximum exhibited in the current density-time data confirms that the reaction pathway 
to form the alcohol occurs in two steps, the first step to form benzaldehyde 6-2 being the rate 
limiting step. According to the reaction profile, the initial increase in current densities during 
the first hour of electrolysis was associated with benzaldehyde 6-2 formation, and the 
subsequent decay of current densities was related to the conversion of benzaldehyde 6-2 to 
benzyl alcohol 6-3.  
Figure 6-10 displays the time dependence of the volume of hydrogen evolved during 
electrolysis at -2.8 V (AgCl|Ag), with a total of 4.9 L formed during 4 hours. This 
demonstrates the extent of the competing side reaction occurring in the reactor and the 
difficulty in suppressing this reaction. The charge yield for the reduction of N,N-
dimethylbenzamide 6-1 was extremely poor and decreased over time as the evolution of 
hydrogen increased with time. 
  
Figure 6-10: Hydrogen evolved during reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL 1 M 
aq. H2SO4 at a BDD electrode in the flow-through reactor at a potential of -2.8 V (AgCl|Ag), a flow rate of 
60 mL min-1 and room temperature. 
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A poor conversion of just 5.6% was determined at -2.2 V (AgCl|Ag). The results suggest that 
forcing electrochemical conditions are required to attain satisfactory conversion and the 
greatest yield of N,N-dimethylbenzylamine 6-1a.  
6.3.2 Effect of Temperature 
Chronoamperometric experiments at constant potential were carried out at 15, 25 and 50 °C, 
by immersing the catholyte and anolyte reservoirs into a thermostated water bath. From Table 
6.6, it is clear that the conversion of N,N-dimethylbenzamide 6-1 to N,N-
dimethylbenzylamine 6-1a, benzaldehyde 6-2 and benzyl alcohol 6-3 was obtained at all 
temperatures after 4 hours. The highest yield of N,N-dimethylbenzylamine 6-1a was obtained 
at 15 °C, suggesting that low reaction temperature may slow down the reduction to alcohol. 
At 50 °C, there appeared to be increased selectivity towards the alcohol product. This 
suggests the alcohol formation could be thermodynamically favoured and the amine 
formation kinetically controlled. 
Table 6.6: Conversion and mole percentage of products formed after 4 hours of electrolysis of 0.01 M 
N,N-dimethylbenzamide 6-1 in 100 mL 1 M aq. H2SO4 at a BDD electrode in the flow-through reactor at -
2.8 V(AgCl|Ag), a flow rate of 60 mL min-1 and 15, 25 and 50 °C. 
Temperature / 
°C 
Conversion / 
% 
Amine / % Aldehyde / % Alcohol / % 
15 72.8 8.6 5.7 58.5 
25 74.7 5.5 6.3 62.9 
50 83.1 6.5 5.8 70.8 
6.3.3 Effect of pH 
The proton concentration of electrolyte solutions plays an important role in the reduction of 
organic compounds.59 To determine the effect of proton concentration on the reduction of N, 
N-dimethylbenzamide 6-1 in the flow-through reactor, experiments were carried out at pH 0, 
2 and 4, using 1, 0.01 and 0.001 M aq. H2SO4 electrolyte solutions, respectively. To improve 
the conductivity of the electrolyte solutions, 0.1 M Na2SO4 was also added as a supporting 
electrolyte. Decreasing the proton concentration of the electrolyte would decrease the rate of 
hydrogen evolution, potentially increasing current efficiencies of the required reaction. A 
change in the proton concentration would also shift the reduction potential for hydrogen 
evolution by 59 mV per pH unit and there by affecting the reduction potential of N,N-
dimethylbenzamide 6-1. 
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It is clear from the data in Table 6.7 that proton concentrations greatly affected not only the 
reaction rate but also the selectivity of the amide reduction process. At pH 0, 74.7% of the 
N,N-dimethylbenzamide 6-1 was reduced to three products: N,N-dimethylbenzylamine 6-1a, 
benzaldehyde 6-2 and benzyl alcohol 6-3. Reduction at pH 1 provided just two products: 
benzaldehyde 6-2 and benzyl alcohol 6-3. At pH 2 and pH 4, no reduction occurred and only 
starting material was recovered. The results clearly highlight the importance of proton 
concentration on the selectivity of the reduction process; pH 0 being optimal for the reduction 
process.  
Table 6.7: Conversion and mole percentage of products formed after 4 hours of electrolysis of 0.01 M 
N,N-dimethylbenzamide 6-1 in pH 0-4 solutions (100mL of 1-0.0001 M aq. H2SO4) at a BDD electrode in 
the flow-through reactor at -2.8 V (AgCl|Ag), a flow rate of 60 mL min-1 and room temperature. 
pH Conversion / % Amine / % Aldehyde / % Alcohol  / % 
0 74.7 5.5 6.3 62.9 
1 7.2 0 0.5 6.7 
2 0 0 0 0 
4 0 0 0 0 
6.3.4 Effect of Volumetric Surface Area 
To scale up the (volumetric) surface area of the cathode, the BDD cathode was used as a 
feeder electrode to contact graphite felt of specific surface area a  104 m2 m-3 and 11 mm 
thick in the direction of current flow. Chronoamperometry experiments were carried out for 
the reduction of N,N-dimethylbenzamide 6-1 at -2.8 V (AgCl|Ag) for 4 hours in 1 M aq. 
H2SO4. Unfortunately, graphite has a lower overpotential for hydrogen evolution compared to 
BDD, resulting in increased rates of hydrogen production and causing bubbles to be trapped 
within the felt. 
6.3.5 Effect of Benzyl Alcohol 
The reduction of N,N-dimethylbenzamide 6-1 was carried out at -2.8 V (AgCl|Ag) in 1 M 
H2SO4 for 4 hours with benzyl alcohol 6-3 present in the catholyte, in an attempt to perturb 
the equilibrium in Scheme 6-5 towards the formation of  N,N-dimethylbenzylamine 6-1a. A 
concentration of only 0.01 M was used, due to the low solubility of benzyl alcohol 6-3 in 
aqueous solutions. Nevertheless, the added alcohol did not have the desired effect on the 
selectivity of the reaction and only 2% of amine was obtained; 75% of the amide being 
Chapter 6  N, N-Dimethylbenzamide Reduction 
163 
 
converted. It is thought that the benzyl alcohol may have been adsorbed onto the electrode 
surface, blocking active sites and hindering the formation of the amine.  
6.3.6 Reduction of Benzaldehyde 
The reduction of benzaldehyde 6-2 was carried out to determine whether benzyl alcohol 6-3 
was the only product of the reduction process. Figure 6-11 shows the CV for the reduction of 
0.01 M benzaldehyde 6-2 at a BDD electrode in 1 M aq. H2SO4 using the electrochemical 
flow-through reactor. The potential was swept between 0 and -3 V (AgCl|Ag) at a scan rate of 
25 mV s-1. On the negative-going potential sweep, the current density began to increase at ca. 
-0.75 V (AgCl|Ag) and reduction waves were observable at ca. -1.4 V (AgCl|Ag) and ca. -2 
V (AgCl|Ag). The exponential increase in current density between -2.5 and -3 V (AgCl|Ag) 
was due to hydrogen evolution. In the positive-going potential sweep, there was no evidence 
of an oxidation of the reduction product formed on the prior negative-going sweep. 
  
Figure 6-11: Cyclic voltammogram for the reduction of 0.01 M benzaldehyde 6-2 in 100 mL 1 M aq. 
H2SO4 at a BDD electrode; electrode potential swept between 0 V and -3.0 V (AgCl|Ag) at a scan rate of 
10 mV s-1 and a  rotation rate of 1000 rpm. 
To determine the reduction products, benzaldehyde 6-2 was reduced at -2.8 V (AgCl|Ag) at a 
BDD electrode in the flow-through reactor, resulting in the current density-time data shown 
in Figure 6-12. The current density decayed exponentially with time and after 2.5 hours and 
10 298 C of charge passed, the reaction was complete, but the current density achieved a 
steady state value of ca. 500 A m-2 due to hydrogen evolution. GC-MS and 1H NMR analysis 
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confirmed that the reaction had gone to completion and that benzyl alcohol 6-3 was the only 
product of the reaction.  
 
 
Figure 6-12: Current density-time relationship for the reduction of 0.01 M  benzaldehyde 6-2 in 100 mL 1 
M aq. H2SO4 (100 mL) at a BDD electrode in the flow reactor at a constant cathode potential of -2.8 V 
(AgCl|Ag), a flow rate of 60 mL min-1 and room temperature. 
Interestingly the electrochemical reduction of 0.01 M benzaldehyde 6-2 in 100 mL of 1M 
H2SO4 at -2.8V (AgCl|Ag) at a BDD electrode using the electrochemical flow reactor has 
been shown to form hydrobenzoin product shown in Scheme 6-6.146 However, this product 
was not identified in 1H or 13C NMR using N,N-dimethylbenzamide 6-1 as the starting 
material.  
Scheme 6-6: Mechanism for the formation hydrobenzoin product from benzaldehyde 6-2. 
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6.3.7 Effect of Solvent 
Identification of a suitable solvent and electrolyte was required to carry out electrolysis, since 
most pharmaceutical compounds are insoluble in water. Table 6.8 indicates which solvents 
are recommended for use in medicinal chemistry and those which are undesirable.147 
Table 6.8: Pfizer solvent selection guide 
Preferred Usable Undesirable 
Water 
Acetone 
Ethanol 
2-propanol 
1-propanol 
Ethyl acetate 
Isopropyl acetate 
Methanol 
Methyl ethyl ketone 
1-butanol 
t-butanol 
Cyclohexane 
Heptane 
Toluene 
Isooctane 
Acetonitrile 
2-methyl THF 
Tetrahydrofuran 
Xylenes 
Dimethyl sulfoxide 
Acetic acid 
Ethylene glycol 
Pentane 
Hexane 
Di-isopropylether 
Dichloromethane 
Chloroform 
Dimethyl formamide 
N-mehylpyrrrolidinone 
Pyridine 
Dioxane 
Benzene 
Diethyl ether 
It was also necessary to remove water from the electrolyte system to drive the equilibrium 
towards the formation of the iminium ion 6-5 (Scheme 6-5). However, water is essential in 
the electrolyte solution to provide a source of protons; therefore suitable solvents must 
therefore be miscible with water and meet pharmaceutical manufacturing criteria. 
Furthermore  
 
Table 6.9 shows water miscible solvents and supporting electrolyte combinations and their 
cathodic potential limit. The solvents that were identified as suitable for reduction based on 
these criteria were acetonitrile, THF, DMSO, methanol and IPA.  
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Table 6.9: Solvents suitable for reduction.53 
Solvent Dielectric 
constant 
Reference 
electrode 
Supporting 
electrolyte 
Negative potential limit 
vs. Ag ref. / V 
Water 80 SCE TBAP -2.7 
Acetonitrile 37.5 Ag/Ag+ LiClO4 -3.5 
DMSO 46.7 SCE TEAP -2.8 
THF 7.4 Ag/Ag+ LiClO4 -3.6 
DMF 36.7 SCE TEAP -3.5 
NMP 32 SCE TEAP -3.3 
TBAP = tetrabutylammonium perchlorate, TEAP = tetraethylammonium perchlorate 
Fechete et al. demonstrated the reduction of carbonyl groups of phthalimide 6-7 to 
isoindoline 6-8 at a Hg electrode between -0.9 and -1.2 V (SCE) using acetonitrile (20 mL), 
water (12 mL) and several drops of HCl or H2SO4 until pH 2 (Scheme 6-7).
63 
 
Scheme 6-7: Electrochemical reduction of phthalimide 6-7 to isoindoline 6-8 at a Hg electrode using an 
acidified  acetonitrile and water electrolyte. 
Due to the successful report of the double decarbonylation of phthalimide 6-7 by Fechete et 
al. in aqueous acidified acetonitrile, preliminary experiments were carried out for the 
reduction of 0.01 M N,N-dimethylbenzamide 6-1. Acetonitrile was acidified to pH 0.5 with 
H2SO4 and a constant potential of -2.8 V (Ag|AgCl) was applied; however, no reduction 
occurred. It was found that the solution was unstable and the acetonitrile was reduced to 
ethylamine under the reaction conditions, as confirmed by GC-MS. A further attempt to 
reduce N,N-dimethylbenzamide 6-1 was attempted at -2.4 V (Ag|AgCl); however, the 
acetonitrile was still not stable. The reduction of acetonitrile was also found to occur when 
NaClO4 was employed as the supporting electrolyte at bulk pH 6.96 and -2.8 V (Ag|AgCl). 
To test the feasibility of using THF as a suitable solvent system, the potential window for a 
range of THF and H2SO4 solutions were recorded between 0 and -3 V (AgCl|Ag) at a BDD 
electrode in the electrochemical reactor; 0.1 M N,N-dimethylbenzamide 6-1 reduction was 
also recorded in these solutions (Figure 6-13). On the positive-going potential sweep, current 
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densities increased at ca. -1.2 V (AgCl|Ag) to -3 V (AgCl|Ag) and there were no reduction 
peaks observed for any of the THF/H2SO4 solutions. As expected, the greatest current 
densities were detected for the solution containing 70 mL 1 M aq. H2SO4 and the lowest 
current densities for the solution containing 30 mL 1 M aq. H2SO4, for which current density 
were assigned to hydrogen evolution.  
 
Figure 6-13: Cyclic voltammogram for the reduction of a range of solvent systems consisting of 100 mL of 
THF and 1 M aq. H2SO4 at a BDD electrode; electrode potential swept between 0 V and -3.0 V (AgCl|Ag) 
at a scan rate of 10 mV s-1 and a  rotation rate of 1000 rpm. 
Using an electrolyte solution of THF and 1 M aq. H2SO4 (7:3 v/v), the conductivity of which 
was measured as 1.013 S m-1, and an applied potential of -2.8 V (AgCl|Ag), resulted in a blue 
coating on the BDD cathode, possibly due to polymerisation of THF.  
As the THF and 1 M aq. H2SO4 (7:3 v/v) solution did not appear to be stable under these 
conditions, further experiments were carried out using alternative supporting electrolytes. It 
has been reported that polymerisation of THF can be achieved with fuming H2SO4.
148 Hence, 
some acid was removed and a TBAB and tetrabutylammonium hydrogenosulfate supporting 
electrolytes added to maintain the conductivity. However, pH has been reported to influence 
the selectivity of the reduction and at pH > 1, the detected product was benzyl alcohol 6-3. 
Therefore, it is believed that acid must be present in the electrolyte solution for amine 
formation. Typical supporting electrolytes used for electrolysis in organic solvents such as 
perchlorates and tetrafluoroborates were not chosen as they have been shown to act as co-
catalysts with H2SO4 for the polymerisation of THF.
148  
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Figure 6-14 shows the voltammogram for the reduction of 0.1 M N,N-dimethylbenzamide 6-1 
at a BDD cathode between 0 and -3 V (AgCl|Ag) at a scan rate of 25 mV s-1 and at 60 mL 
min-1. An electrolyte solution consisting of THF, 0.5 M aq. TBAB  and 1 M aq. H2SO4 (5:3:2 
v/v), was utilised; addition of TBAB as the supporting electrolyte provided a conductivity 
2.369 S m-1. 
 
Figure 6-14: Cyclic voltammogram for the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL of 
a mixture of THF, 0.5 M aq. TBAB and 1 M aq. H2SO4 (5:3:2 v/v) at a BDD electrode; electrode potential 
swept between 0 V and -3.0 V (AgCl|Ag) at a scan rate of 10 mV s-1 and a  rotation rate of 1000 rpm. 
The background scan recorded in Figure 6-14 shows that at potentials of ca. -1.2 V 
(AgCl|Ag), current densities increased exponentially, due to proton reduction. Considering 
the scan incorporating N,N-dimethylbenzamide 6-1, a plateau is observed at ca. -2 V 
(AgCl|Ag) (absent in the background scan) which suggests that N,N-dimethylbenzamide 6-1 
was reducible in this electrolyte system. However the addition of reactant decreased the 
current densities so it may have adsorbed onto the electrode surface inhibiting hydrogen 
evolution.  
A potential of -2.8 V was applied to the BDD cathode in the flow-through reactor at a flow 
rate of 60 mL min-1 and room temperature, to determine whether N,N-dimethylbenzylamine 
6-1a synthesis could be achieved in this THF electrolyte system. After 5 hours of electrolysis 
3.44% N,N-dimethylbenzylamine 6-1a, 4.55% benzyl alcohol 6-2 and 3.07% benzaldehyde 
6-3 were determined to have been formed. Although this was a promising result, at the end of 
electrolysis the membrane was contaminated with a brown film, probably polymerised THF. 
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Difficulty was experienced gaining control over the reactor using the contaminated 
membrane; it is believed that the brown film hindered the conductivity of the membrane. 
A further experiment was carried out using 0.1 M N,N-dimethylbenzamide 6-1 in THF (50 
mL), 0.5 M aq. tetrabutylammonium hydrogenosulfate aq (30 mL) and 1 M aq. H2SO4 (20 
mL); the conductivity of the solution was 2.848 S m-1. A constant potential experiment was 
carried out at -2.8 V (AgCl|Ag) at a BDD electrode using the electrochemical reactor. The 
experiment was abandoned after 2 hours as peroxides were detected in the electrolyte 
solution, however, traces of benzyl alcohol and benzaldehyde were determined by LC-MS.  
Experiments were carried out to determine the potential windows of methanol and iso-propyl 
alcohol (IPA) with H2SO4. Figure 6-15 shows the potential windows for 70 mL of the solvent 
and 30 mL 1 M aq. H2SO4 solutions, with and without 0.1 M N,N-dimethylbenzamide 6-1. It 
is clear from the plot that no waves were observed during the background solvent scans or for 
the elecrolytes containing 0.1 M N,N-dimethylbenzamide 6-1. The only process evident in the 
voltammograms was hydrogen evolution, which may have masked any amide reduction. 
  
Figure 6-15: Cyclic voltammogram for the reduction of 0.01 M N,N-dimethylbenzamide 6-1 in 100 mL of 
a mixture of IPA or MeOH and 1 M aq. H2SO4 (7:3 v/v) at a BDD electrode; electrode potential swept 
between 0 V and -3.0 V (AgCl|Ag) at a scan rate of 10 mV s-1 and a  rotation rate of 1000 rpm. 
Constant potential experiments were carried out at -2.8 V for IPA and 1 M aq. H2SO4 (7:3 
v/v) and for MeOH and 1 M aq. H2SO4 (7:3 v/v), each during 2 hours to determine if any 
amine was formed. In both cases, no amide reduction was achieved. A further experiment 
using  MeOH and 1 M aq. H2SO4 (5:5 v/v) at -2.8 V for 2 hours was carried out and amide 
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conversion was observed, providing 11.31% N,N-dimethylbenzylamine 6-1a, 7.08% benzyl 
alcohol 6-3 and 9.80% benzaldehyde 6-2. Electrolysis at -2.8 V after 2 hours in 100% 1 M 
aq. H2SO4 provided a lower conversion of amide to amine (4.55% N,N-dimethylbenzylamine 
6-1a, 3.93% benzyl alcohol 6-3  and 3.65% benzaldehyde 6-2) suggesting that the 1:1 ratio of 
MeOH to 1 M aq. H2SO4 solvent system was most efficient for N,N-dimethylbenzamide 6-1 
reduction.  
6.4 Reduction of Primary, Secondary and Tertiary benzamide derivatives 
Investigations were carried out into the reduction of N-methylbenzamide 6-9 and benzamide 
6-10 (Figure 6-16) to determine whether it was possible achieve their reduction to the 
corresponding amines in the electrochemical flow reactor. It has also been reported that the 
more substituted the amide nitrogen group, the greater the yield of amine attained59; 
therefore, it was expected that the tertiary amide would produce the greatest yield of amine, 
followed by the secondary amide and then the primary amide.  
 
Figure 6-16: Structure of N-methylbenzamide 6-9 and benzamide 6-10. 
To test this hypothesis, N,N-dimethylbenzamide 6-1, N-methylbenzamide 6-9 and benzamide 
6-10 were subjected to 4 hours of electrolysis at a BDD cathode at a potential of -2.8 V 
(AgCl|Ag), flow rate of 60 mL min-1 and room temperature. After electrolysis, the pH of the 
electrolyte solution was adjusted to pH 10 (with 1 M aq. NaOH) and CH2Cl2 used to extract 
the organic products, which were analysed by GC-MS and 1H NMR spectroscopy. The 
results of the experiments are presented in Table 6.10.  
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Table 6.10: Conversion of N,N-dimethylbenzamide 6-1, N-methylbenzamide 6-9, benzamide 6-10 and the 
products formed. 
Entry 
Amide 
conversion / % 
Product yields / % 
1 
    
 
6-1 
74.7% 
6-1a 
5.5% 
6-2 
6.3% 
6-3 
62.9% 
 
2 
    
 
6-9 
35 % 
6-9a  
25 % 
6-2  
1 % 
6-3  
9 % 
 
3 
     
6-10 
82 % 
6-10a  
54 % 
6-2 
0% 
6-3  
23 % 
6-11  
5 % 
The conversion of N-methylbenzamide 6-9 and benzamide 6-10 and the product yields for 
these compounds were estimated by 1H NMR spectroscopy. The results show that the 
tertiary, secondary and primary amide were all successfully reduced to the corresponding 
amine and the side products benzaldehyde 6-2 and benzyl alcohol 6-3. The reduction of 
benzamide 6-10 provided the highest conversion to the amine product, benzylamine 6-10a; 
however, N-benzylidene benzylamine 6-11 was formed via the coupling of the 6-11 with 
benzaldehyde 6-2 (Scheme 6-8). 
 
Scheme 6-8: Formation of N-benzylidene benzylamine 6-11. 
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These results are contrary to results reported in the literature which suggests that 
electrochemical reduction of tertiary amides provides the highest yield of amine and that 
primary amides gave the lowest yield of amine.59  
It is postulated that the reduction of the tertiary N,N-dimethylbenzamide 6-1 provides the 
lowest yield of the desired amine product as the amine moiety of the hemiaminal formed 
during electrochemical reduction is more basic (donor effect of the methyl substituents) 
compared to the hemiaminals generated from the secondary and primary benzamides. This 
results in the nitrogen of the hemiaminal 6-4 being protonated easily to eliminate 
dimethylamine, which is also volatile and helps to drive the reaction (Scheme 6-9). Therefore 
the selectivity towards the elimination of dimethylamine and the formation of benzyl alcohol 
as the major product is observed for the reduction of N,N-dimethylbenzamide 6-1.   
 
Scheme 6-9: Protonation of the nitrogen of hemiaminal 6-4, leading to the elimination of dimethylamine. 
For the case of reduction of N-methylbenzamide 6-9 and benzamide 6-10, the amine moiety 
of the hemiaminals formed are less basic and more difficult to protonate (compared to 
tertiary), hence the elimination of water is favoured forming the iminium ion and then the 
desired amine products.  Scheme 6-10 provides the mechanism for the protonation of the 
oxygen for the primary hemiaminal formed from the initial reduction of benzamide 6-10. 
 
Scheme 6-10: Protonation of the oxygen of the primary hemiaminal leading to the elimination of H2O and 
the formation of the iminium ion. 
However the lone pair of the nitrogen of the hemiaminal also needs to be available to aid the 
elimination of water to form the iminium ion and subsequently the desired amine product. 
Therefore the amine moiety of the hemiaminal generated should not be too basic to promote 
the protonation of the nitrogen and elimination of the undesired amine leading to the alcohol 
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product, but the lone pair of the nitrogen should still be available to facilitate the elimination 
of water via the formation of the iminium ion. 
It would be interesting to investigate the reduction of tertiary amides that could favour the 
elimination of water from the hemiaminal species by incorporating the nitrogen atom into a 
cyclic aromatic make the nitrogen lone pair less available for protonation. This could also be 
achieved by using strongly withdrawing groups such as CF3 as the nitrogen substituents. 
6.5 Chapter Summary 
Selectivity for N,N-dimethylbenzylamine 6-1a formation in the electrochemical reduction of 
N,N-dimethylbenzamide 6-1 at BDD was found to be governed by the cathode potential and 
the pH of the electrolyte solution. The fastest reduction was achieved at -2.8 V (AgCl|Ag), 
uncorrected for uncompensated ohmic potential losses, below which the rate of hydrogen 
evolution resulted in unacceptably low charge yields. Experiments carried out at pH 0 
resulted in the formation of the amine product, whereas at pH 1 only aldehyde and alcohol 
products were identified.  
Incorporating benzyl alcohol 6-3 into the electrolyte solution with the starting material did 
not have any effect on the selectivity of the process. Decreasing the concentration of water in 
the electrolyte also did not improve the selectivity of the reaction. 
A range of solvents were examined under electrolysis conditions to establish if amide 
reduction was possible and whether the selectivity for amine could be improved with the 
removal of water.  It was found that in THF and 1 M aq. H2SO4, amide reduction was 
possible; however, polymerisation of the THF coated the electrode surface. Using TBAB as a 
supporting electrolyte prevented the formation of the polymer, but the membrane was coated 
in a brown solution and using teterabutylammonium hydrogenosulfate generated peroxides 
and the only products of reduction were benzaldehyde 6-2 and benzyl alcohol 6-3. 
Chronopotentiometric experiments for the reduction of N,N-dimethylbenzamide 6-1 were 
carried out at current densities of -1000 and -2000 A m-2  successfully to benzyl alcohol 6-3 
and N,N-dimethylbenzylamine 6-1a in the ratio of ca. 2.3:1. Investigations of effects of 
reaction parameters found that the applied current density, electrode material, flow rate, and 
temperature had little effect on the product distribution. Only for the case of Pb at -2000 A m-
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2, room temperature and a flow rate of 90 mL min-1 was the product distribution affected, 
with a ratio of 3.48:1 benzyl alcohol 6-3 to N,N-dimethylbenzylamine 6-1a being formed.  
The lowest flow rate tested provided the highest initial conversion of the starting material, 
suggesting that flow rates probably did not disperse intermediates, facilitating their further 
reduction may improve the rate of the reduction of N,N-dimethylbenzamide 6-1 compared to 
the evolution of hydrogen. 
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 Reduction of Tertiary Amides Chapter 7
This Chapter explores the application of the electrochemical reactor as a tool for amide 
reduction:  
i)  to determine whether functionalised amides can be reduced to the corresponding amine;  
ii)  to correlate structural parameters of the substrate with the selectivity of the reaction;  
iii) to determine whether a complex amide compound can be reduced.  
Encouraged by the successful reduction of the tertiary amide N,N-dimethylbenzamide 6-1 
(Chapter 6), a series of functionalised benzamide derivatives and other tertiary amides were 
synthesised and subjected to reduction with the electrochemical reactor (Figure 7-1).  
 
Figure 7-1: Amides studied in the electrochemical flow-through reactor. 
With the exception of 1-ethyl-2-pyrrolidone 7-10, 1-benzyl-2-piperidone 7-11, and 
glutarimide 7-13, which are commercially available, all other substrates were synthesised via 
a Schotten-Baumann reaction (Scheme 7.1).149 Experimental details and characterisation can 
be found in Appendix 1. 
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Scheme 7.1: General reaction scheme for amide synthesis.  
The study focussed on the reduction of a range of tertiary amides, to define the structural 
factors that influence the reduction process. The results obtained for the reduction of 
benzamide derivatives will be discussed; starting with the reduction of functionalised 
derivatives of N-benzoylpyrrolidine (7-1 to 7-5), followed by the reduction of N-ethyl-N-
cyclohexylbenzamide 7-6.  
7.1 Reduction of Benzamide Derivatives 
Micovic and Mihailovic described the reduction of amides to amines with LiAlH4 with the 
aim of developing a protocol for the transformation.150 A range of amides were reduced to the 
corresponding amines in good yields and are outlined in Table 7.1. 
Interestingly Micovic and Mihailovic found that for the reduction of N,N-diethylbenzamide 
(entry 3, Table 7.1) to the corresponding N,N-diethylbenzylamine product was obtained in a 
good yield, but carrying out the reaction at 0 °C provided the amine product as well as  
benzyl alcohol (15% yield). This suggested that the temperature of the reaction influences the 
selectivity of the reaction. 
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Table 7.1: Amide to amine reduction using LiAlH4 
Entry Starting Material Product Yield / % 
1 
 
 
92 
2 
 
 
93 
3 
 
 
92 
4 
  
93 
5 
 
 
83 
6 
  
91 
7.1.1 Electron-withdrawing and -donating Substituents 
A range of functional groups were incorporated into the phenyl ring of N-benzoylpyrrolidine 
7-1 to establish the effect of electron withdrawing group (EWG) and electron donating group 
(EDG) substituents on the reduction of amides. The EWG’s and EDG’s were located on the 
para position of the phenyl ring of the amide. Previously, only the effects of the N-atom 
substituents were investigated, where it was found that EDG substituents are beneficial for 
the reduction of the amide to the corresponding amine.59   
A complex drug compound can contain a number of functionalities; Figure 7-2 displays the 
structures of some top selling pharmaceutical products.151 For electrochemical techniques to 
have a real application for these molecules, the reduction process must be selective.  
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Therefore, it was desirable to establish the stability of the EWG and EDG substituents during 
electrochemical reduction to confirm the selectivity of the process.  
 
Figure 7-2: Examples of top-selling pharmaceutical products. 
The synthesised amides N-benzoylpyrrolidine 7-1, N-(4-methoxybenzoyl)pyrrolidine 7-2, N-
(4-toluoylbenzoyl)pyrrolidine 7-3, N-(4-fluorobenzoyl)pyrrolidine 7-4 and N-(4-
cyanobenzoyl)pyrrolidine 7-5 were first examined. Using the reaction conditions optimised 
for the reduction of N,N-dimethylbenzamide 6-1 (Chapter 6) each compound was subjected 
to the electrochemical reduction for 8 hours at a BDD electrode in the flow-through reactor at 
a potential of -2.8 V (AgCl|Ag), a flow rate of 60 mL min-1 and at room temperature. The 
electrolyte used consisted of 100 mL of a mixture of 1 M aq. H2SO4 and MeOH (9:1 v/v), and 
a concentration of 0.01 M of the amide compound was used. At the end of the electrolysis 
process, the pH of the electrolyte was adjusted to pH 10 using 1 M aq. NaOH and 
dichloromethane was used to extract the organic products, which were analysed by GC-MS 
and 1H NMR spectroscopy. The results of the experiments are presented in Table 7.2.  
It is clear that all of the amides were reduced, except N-(4-fluorobenzoyl)pyrrolidine 7-8 
(entry 4). N-Benzoylpyrrolidine 7-1 was reduced to N-benzylpyrrolidine 7-1a, benzaldehyde 
7-14 and benzyl alcohol 7-15, with a reasonable conversion of 66%. The predominant 
product observed was benzyl alcohol 7-15 at 53%, accompanied by 42% of N-
benzylpyrrolidine 7-1a. Constraining the N-atom into a ring did not appear to improve the 
selectivity of the reduction reaction towards the formation of the amine product, compared to 
the reduction of N,N-dimethylbenzamide 6-1; the product distribution suggests that the 
reduction mechanism is comparable to the mechanism postulated for the reduction of N,N-
dimethylbenzamide 6-1 in Chapter 6, although the formation of pyrrolidine was not observed.  
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Table 7.2: Results from the reduction of functionalised 4-benzoylpyrrolidine derivatives.[a] 
Entry Amide conversion / % Recovered product ratio/%[b] 
1 
     
 7-1 66% 7-1a 42% 7-14 5% 7-15 53%  
2 
     
 7-2 46% 7-2a 48% 7-16 2% 7-17 46% 7-18 4% 
 3 
     
 7-3  72% 7-3a 46% 7-19 4% 7-20 50%  
4 
     
 7-4 0% 7-4a 0% 7-21 0% 7-22 0%  
5 
     
 7-5 12% 7-5a 66 % 7-23 17% 7-24 17%  
[a] 0.01 M of each amide was reduced for 8 hours at a BDD electrode in the flow-through reactor, at a potential of -2.8 V (AgCl|Ag), a flow rate of 60 mL min-1 and at room 
temperature. The electrolyte consisted of 100 mL of a mixture of 1 M aq H2SO4 and MeOH (9:1 v/v). 
[b]Conversions and the product ratios were estimated by 1H NMR 
spectroscopy by comparing the  integrals of methylene and methyl groups: 7-1 (δ: 3.39 ppm), 7-1a (δ: 3.15 ppm), 7-14 (δ: 9.99 ppm), 7-15 (δ: 4.62 ppm),  7-2 (δ 3.57 ppm), 
7-2a (δ: 1.75-1.68 ppm), 7-16 (δ: 9.82 ppm), 7-17 (δ: 4.52 ppm), 7-18 (δ: 3.82 ppm), 7-3 (δ 2.40 ppm) 7-3a (δ: 1.81-1.74 ppm), 7-19 (δ: 9.96ppm), 7-20 (δ: 4.62 ppm), 7-5(δ 
3.56 ppm), 7-5a (δ: 1.75-1.68 ppm), 7-22 (δ: 10.03 ppm) and  7-23 (δ: 4.65 ppm). 
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However, pyrrolidine is soluble in water, so it may not have been extracted by CH2Cl2, or it 
may have evaporated due to its low boiling point (87 °C). 
The incorporation of EDG’s at the para position of the phenyl ring could possibly facilitate 
the reduction of amide by increasing the electron density on the oxygen atom. In this study, a 
strongly activating methoxy group and a weakly activating methyl group were chosen to 
establish the effect of EDG’s on the reduction reaction. 
After subjecting N-(4-methoxybenzoyl)pyrrolidine 7-2 to 8 hours of electrolysis at -2.8 V 
(AgCl|Ag), the product mixture were found to contain the corresponding amine N-(4-
methoxybenzyl)pyrrolidine 7-2a, 4-methoxybenzaldehyde 7-16,  4-methoxybenzyl alcohol 7-
17 and 1,2-bis(4-methoxyphenyl)ethane 7-18 in recovered product yields of 48%, 2%, 46% 
and 2%, respectively. 
Interestingly, the formation of a dimer 1,2-bis(4-methoxyphenyl)ethane 7-18 was observed as 
a minor product from the reduction of 4-(methoxybenzoyl)pyrrolidine 7-2.  Formation of 
corresponding dimers was not observed in the reduction of other 4-benzoylpyrrolidine 
derivatives examined in this work.   The proposed mechanism for the formation of the dimer 
is outlined in Scheme 7.2. It is thought that the protonated form of 4-methoxybenzaldehyde 
7-16 can undergo an electron transfer to form a radical species which self-condenses to give 
the diol species 1,2-bis(4-methoxyphenyl)-1,2-ethanediol 7-25. Dehydration of 7-25, 
followed by an electron and proton transfers provided the product 1,2-bis(4-
methoxyphenyl)ethane 7-18. The dimer is only observable for the reduction of 4-
(methoxybenzoyl)pyrrolidine 7-2,  as the methoxy group can strongly stabilise the dehydrated 
species.  
 
Scheme 7.2: Mechanism for the formation of the dimer 1,2-bis(4-methoxyphenyl)ethane 7-18. 
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The CV of N-(4-methoxybenzoyl)pyrrolidine 7-2 is given in Figure 7-3. In the negative 
sweep, the reduction began at -1 V (AgCl|Ag) and the current density increased exponentially 
until a reduction wave was observed between -2 and -2.5 V (AgCl|Ag). A further exponential 
increase in the current density was seen between -2.5 and -3 V (AgCl|Ag), accounting for the 
reduction of protons and H2 evolution. In the positive sweep there was no evidence of a 
reversible reaction. The reduction of the C=C bonds in the dehydrated species could be 
responsible for the reduction wave observed at -1 V in the CV.  
In comparison, the reduction of N-(4-toluoylbenzoyl)pyrrolidine 7-3 provided the products 4-
toluoylbenzylpyrrolidine 7-3a, 4-toluoylbenzaldehyde 7-19, and 4-toluoylbenzyl alcohol 7-
20; the formation of a dimer was not observed. The CV for 4-(toluoylbenzoyl)pyrrolidine 7-3 
was also recorded  (Figure 7-4). In sharp contrast to the CV of 7-2,  no reduction peak was 
observed. In the negative potential sweep the current density increases exponentially between 
-1 V and -3 V (AgCl|Ag), representing the reduction of protons to gaseous H2. In the positive 
sweep there was no evidence of a reversible reaction.  
  
Figure 7-3: Cyclic voltammogram for the reduction 
of 0.01 M N-(4-methoxybenzoyl)pyrrolidine 7-2  in 
100 mL of a mixture of 1 M aq. H2SO4 and MeOH 
(v/v 9:1) at a BDD electrode in the flow-through 
reactior; electrode potential swept between -0.5 V 
and -3.0 V (AgCl|Ag) at a scan rate of 25 mV s-1 
and a  rotation rate of 1000 rpm. 
Figure 7-4: Cyclic voltammogram for the reduction 
of 0.01 M N-(4-toluoybenzoyl)pyrrolidine  7-3  in 
100 mL of a mixture of 1 M aq. H2SO4 and MeOH 
(v/v 9:1) at a BDD electrode in the flow-through 
reactior; electrode potential swept between -0.5 V 
and -3.0 V (AgCl|Ag) at a scan rate of 25 mV s-1 
and a  rotation rate of 1000 rpm. 
Comparing the product ratios obtained from the reduction of N-(4-
methoxybenzoyl)pyrrolidine 7-2 and N-(4-toluoylbenzoyl)pyrrolidine 7-3, it will appear that 
the nature of the EDG had no influence on the  selectivity.  The overall conversion of 7-2 and 
7-3 was 46% and 72%, respectively, in comparison to 66% obtained for 7-1. As observed 
previously with the reduction of N-benzoylpyrrolidine 7-1, the major products of the 
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reactions were the alcohols 4-methoxybenzylalcohol 7-17 (46%) and 4-methylbenzyl alcohol 
7-20 (50%). 
In contrast, N-benzoylpyrrolidine derivatives containing EWG’s had a negative effect on the 
reduction process. In the case of N-(4-fluorobenzoyl)pyrrolidine 7-4, no reduction can be 
achieved, and only the starting material was recovered. A limited conversion (12%) of N-(4-
cyanobenzoyl)pyrrolidine 7-5 can be observed, however, with an interesting increase in the 
amine ratio; 4-(cyanobenzyl)pyrrolidine 7-5a was formed as the predominant product (66%), 
with equivalent amounts of 4-cyanobenzaldehyde 7-23 and 4-cyanobenzyl alcohol 7-24 
constituting the rest of the product mixture. The switch of selectivity of the reaction for the 
amine production is likely due to the stabilisation of the reduced species by the C≡N group, at 
the expense of a poor level of conversion. Nevertheless, it is pleasing to observed that the 
nitrile group is not reduced as might be expected (Scheme 7.3). 
 
Scheme 7.3: Mechanism for the reduction of the nitrile group of 4-cyanobenzoylpyrrrolidine 7-5. 
In conclusion, the incorporation of an EWG at the para position of the benzene ring hindered 
the level of conversion of the amide, whereas EDG’s had little influence. Interestingly, the 
inclusion of a nitrile group appeared to improve the selectivity of the reduction to the amine 
product, whereas EDG’s had no effect on the selectivity. In this study, all of the EWG’s and 
EDG’s were stable to electrolysis, which is promising with respect to its potential 
applications in the pharmaceutical industry. 
7.1.2 Aliphatic Substituents 
To further understand the role of aliphatic substituents on the nitrogen atom, N-ethyl-N-
cyclohexylbenzamide 7-6 was prepared and studied using the electrochemical flow-through 
reactor. Due to poor solubility of this substrate, the amount of MeOH in the electrolyte 
solution was increased to 20 mL (i.e. 8:2 v/v 1 M aq. H2SO4:MeOH) to ensure its complete 
dissolution. Figure 7-5 shows the cyclic voltammogram recorded for the reduction of 0.01M 
N-ethyl-N-cyclohexylbenzamide 7-6 in 1 M aq. H2SO4 and MeOH (8:2 v/v)
 at the BDD 
electrode in the flow-through reactor at a flow rate of 60 mL min-1 and a scan rate of 25 mV 
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s-1. The reaction was carried out using the electrochemical reactor with a BDD electrode as a 
BDD RDE was not available. In the negative potential sweep, the reduction began at a small 
negative potential of -0.002 V (AgCl|Ag) was applied, the current density increased 
exponentially, then reached a limited current density at -1.5 V (AgCl|Ag). A further 
exponential increase in current densities between -2 and -3 V (AgCl|Ag) was attributed to 
proton reduction resulting in the evolution of H2. In the positive- potential sweep between -3 
and 0 V (AgCl|Ag), there was no evidence that the reduction is reversible.  
Based on the CV, there appears to be potential independent current densities in the range of –
1.5 and -2 V (AgCl|Ag). To examine this further, a potential of -1.5 V (AgCl|Ag) was applied 
to the BDD electrode for 8 hours. It was found that  this was not sufficient to provide an 
efficient conversion of N-ethyl-N-cyclohexylbenzamide 7-6 to the corresponding amine: 
GCMS and 1H NMR analysis of the products indicated only trace levels of N-benzyl-N-
cyclohexylethylamine 7-6a, benzyl alcohol 7-15 and N-ethyl-N-cyclohexylamine 7-26, the 
major compound being recovered starting material. Hence, a further experiment was carried 
out at a fixed potential of -2.8 V (AgCl|Ag) for 8 hours; the results from this experiment are 
shown in Scheme 7.4.  
 
Scheme 7.4: Reduction of N-ethyl-N-cyclohexylbenzamide 7-6. 
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Figure 7-5: Cyclic voltammogram for the reduction of 0.01 M N-ethyl-N-cyclohexylbenzamide 7-4 in 100 
mL of a mixture of 1 M aq. H2SO4 and MeOH (v/v 8:2) at a BDD electrode in the flow-through reactior; 
electrode potential swept between 0 V and -3.0 V (AgCl|Ag) at a scan rate of 25 mV s-1 and a rotation rate 
of 1000 rpm. 
In this case, an overall conversion of 58% was achieved. The desired amine product N-
benzyl-N-cyclohexylethylamine 7-6a constitute 17% of the product mixture, with the side 
products benzaldehyde 7-14, benzyl alcohol 7-15 and N-ethyl-N-cyclohexylamine 7-26 ratios 
making up the remaining 3%, 60% and 20%, respectively. The lower amount of amine 7-26 
recovered suggests that it was not completely recovered from the aqueous layer. The amine 
yield was disappointing low but the side products formed provides further evidence for the 
mechanism of their formation. It is thought that the reaction mechanism follows the same 
pathways as proposed for N,N-dimethylbenzamide 6-1 reduction (Chapter 6); involving the 
formation of a hemiaminal substituent followed by cleavage of the C-N bond to eliminate an 
amine, in this case   N-ethyl-N-cyclohexylamine 7-26. Figure 7-6 displays the proposed 
mechanism for the reduction of 7-6 and the formation of side products 7-14, 7-15 and 7-27 
(after the initial charge transfer reaction to form the hemiaminal). 
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Figure 7-6: Mechanism of the reduction of 7-6 after hemiaminal formation.   
Here, the elimination of N-ethyl-N-cyclohexylamine 7-26 from the hemiaminal may have 
been favoured, skewing the selectivity towards aldehyde and alcohol formation. This may 
have also been the case for the elimination of pyrrolidine (for reduction of 4-
benzylpyrrolidine derivatives), although pyrrolidine was not isolated. From this work, it is 
clear that the aliphatic substituent on the nitrogen atom had little impact on the conversion of 
the amide compound. The result also suggests that bulky N-substituents drive the selectivity 
of the reaction towards the formation of benzaldehyde 7-14 and benzyl alcohol 7-15. 
7.2 Reduction of Additional Tertiary Amides 
To fully appreciate the scope and limitations of the flow-through reactor for amide reduction, 
a series of tertiary amides (Figure 7-1) were investigated. Examples of tertiary amides 
containing aliphatic substituents, acetanilide derivatives, an acetamide, an imide and cyclic 
amides were subjected to 8 hours of electrolysis at -2.8 V (AgCl|Ag) at a BDD electrode. 
Table 7.3 displays the results for the reduction of these tertiary amides.  
Reduction of the amides proved difficult and levels of conversion were low. In particular N-
cyclohexyl-N-ethyl-1,2,2-dimethylproponamide 7-7 containing only aliphatic substituents 
was not reducible at -2.8 V (AgCl|Ag) (entry 1). In this respect, it is interesting to compare 
this with the reduction of N-ethyl-N-cyclohexylbenzamide 7-6, which only differs by the 
substituent at the carbonyl group. The results suggest that bulky substituent like the tert-butyl 
group hinders the reduction of the carbonyl group while that a phenyl ring conjugated to the 
carbonyl group facilitated reduction. 
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Next, the aromaticity of the nitrogen substituent was restored in the acetanilide derivative N-
methyl-N-phenylpivalamide 7-8, retaining the tert-butyl group on the α-carbon. This did not 
improve the reducibility of the amide group and no conversion of the starting material was 
recorded after 8 hours of electrolysis at -2.8 V (AgCl|Ag) (entry 2). Hence, the presence of 
the tert-butyl group could have prevented the reduction. Next, the tert-butyl group was 
replaced with a methyl group.  
Table 7.3: Results from the reduction of tertiary amides and a secondary imide. 
Entry Amide conversiona / % Recovered product ratiob / % 
1 
   
 7-7 0% 7-7a 0%  
2 
   
 7-8  0% 7-8a 0%  
3 
   
 7-9  4% 7-9a 50% 7-27 50% 
4 
   
 7-10  4% 7-10a  100%  
5 
   
 7-11  7-11a Traces  
6 
   
 7-12 36% 7-12a 100%  
7 
   
 7-13 0% 7-13a 0%  
a, b From the normalised integrals in the 1H NMR spectra of the methylene and methyl groups: 7-9 (δ: 1.87 ppm), 
7-9a (δ: 2.83 ppm), 7-27 (δ: 2.90 ppm), 7-10 (δ: 3.47 ppm),  7-10a (δ: 2.47-2.39 ppm), 7-12 (δ: 1.83-1.73 ppm),  
7-12a (δ: 3.48 ppm). 
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Indeed, N-methyl-N-phenylacetamide 7-9 can be reduced for 8 hours at -2.8 V (AgCl|Ag). 
Formation of N-methyl-N-phenylethylamine 7-9a and N-methylaniline 7-27 can be observed, 
however the conversion was still very poor, at just 4% (entry 3). Therefore, the removal of 
the tertiary butyl group appeared to aid the reduction process, but the level of conversion was 
low. Hence, it will appear that steric hindrance of the substituent on the α-carbon is less 
important than its electronic properties on the reduction process. 
The next structure to be examined was the acetamide N-acetylpiperidine 7-10. The reduction 
of N-acetylpiperidine 7-10 was carried out at -2.8 V (AgCl|Ag) for 8 hours. A poor 
conversion of only 4% was achieved, and only 1-ethylpiperidine 7-10a can be observed as a 
product (entry 4). 
Successful reduction of the C=C bond of maleimide 4-1 and derivatives was discussed in 
chapter 4 and 5. To determine the efficiency of reduction of imides, glutarimide 7-11 was 
reduced electrochemically (entry 5), where a 4-electron or 8-electron reduction process was 
possible (Scheme 7.5). After 8 hours of electrolysis at -2.8 V (AgCl|Ag), an 8-electron 
reduction to the product piperidine 7-11a was recorded, but only in trace levels, so a more 
prolonged period of electrolysis would be required to determine a level of conversion of the 
product formed. Interestingly, 2-piperidinone 7-28, the intermediate of the reduction process, 
was not observed in the resultant reaction mixture, Scheme 7.5.  
 
Scheme 7.5: Reduction of glutarimide 7-11 and the 4-electron and 8-electron reduction products. 
Next, the reduction of 1-benzyl-2-piperidone 7-12 and 1-ethyl-2-pyrrolidone 7-13 were 
studied to determine the reducibility of cyclic amides. 1-benzyl-2-piperidone 7-12, a six-
membered cyclic amide containing a benzyl group on the nitrogen, was studied to further 
understand the structural limitations of amide reduction (entry 6).  Gratifyingly, the 
conversion to 1-benzylpiperidine 7-12a was successful, a 36% conversion of 1-benzyl-2-
piperidone 7-12 was observed after 8 hours of electrolysis at -2.8 V (AgCl|Ag). Although the 
level of conversion was relatively low in comparison to the other tertiary amides (excluding 
benzamide derivatives) it was a promising result.   
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In comparison, the reduction of 1-ethyl-2-pyrrolidone 7-13 to 1-ethylpyrrolidine 7-13a was 
not successful and only starting material was recovered after electrolysis (entry 7). 
Recently, the chemical reduction of 1-benzyl-2-piperidone 7-12 and 1-methyl-2-pyrrolidone 
to the amine product in the presence of a homogeneous iridium hydride catalyst has been 
reported, on an NMR scale in deuterated benzene, at 60°C. However, the procedure required 
the use of 3 equivalents of silanes Me2EtSiH or Et2SiH2.
31 The reduction of 1-methyl-2-
pyrrolidone required 27 hours to provide a conversion of 91% to the corresponding amine 
product. This result suggests that γ-lactams require an extensive reaction time to undergo 
reduction. Therefore the electrochemical reduction of the γ-lactam 1-ethyl-2-pyrrolidone 7-13 
should be increased beyond a reaction time of 8 hours, in order for a direct comparison to be 
made.   
7.3 Reduction of a Complex Amide 
Although a series of tertiary amides have been investigated in this chapter the compounds 
investigated were relatively simple structures and therefore it was of interest to reduce a drug-
like compound. (S)-(4-Benzyl-3,6-dioxo-piperazin-2-yl)-acetic acid benzyl ester 7-29, a 
complex molecule that could represent a candidate drug molecule containing a range of 
functionality (Figure 7-7). This compound contains two amide functional groups in a six-
membered ring, one is a secondary amide and the other is a tertiary amide bearing an 
aliphatic ester side chain. Interestingly, the tertiary amide group resembles the amide group 
of 1-benzyl-2-piperidone 7-12 and the secondary amide group can be compared to 
glutarimide 7-11. Based on the results obtained in this chapter it was anticipated that the 
carbonyl group of the tertiary amide would be reduced preferentially to the secondary amide.  
 
Figure 7-7: (S)-(4-Benzyl-3,6-dioxo-piperazin-2-yl)-acetic acid benzyl ester 7-29 as an example of a drug 
compound.  
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Compound 7-29 was subjected to 8 hours of electrolysis at -2.8 V (AgCl|Ag). The electrolyte 
solution comprised of 100 mL of a mixture of 1 M aq. H2SO4 and MeOH (8:2 v/v). 
Disappointingly, neither of the amide groups were reduced; instead, the GC-MS results 
indicated that a phenyl ring had been cleaved from 7-29, although it was difficult to identify 
the product from the 1H NMR spectra. Cleavage of a phenyl group could lead to the 
formation of two products, (S)-(4-benzyl-3,6-dioxopiperazin-2-yl)acetic acid methyl ester 7-
30 and (S)-(4-methyl-3,6-dioxopiperazin-2-yl)acetic acid benzyl ester 7-31 (Figure 7-8).  
 
Figure 7-8: Possible products from the reduction of (S)-(4-benzyl-3,6-dioxo-piperazin-2-yl)-acetic acid 
benzyl ester 7-28. 
To resolve this, it would be interesting to attempt the reduction of 7-29 in a different 
electrolyte medium between the pH range of 1-4. Furthermore, it would be advantageous to 
gain a better understanding of the stability of ester groups to electrolysis, and future work 
would involve synthesis of a range of amide compounds that include the ester functionality.  
7.4 Chapter Summary 
The results presented in this chapter describe the reduction products achieved from the 
reduction of a range of tertiary amides. The reduction of N-benzoylpyrrolidine 7-1 derivatives 
successfully demonstrated that tertiary amides can be reduced to the corresponding amine 
product. However the C-N bond was also cleaved, providing the aldehyde and alcohol 
products. From the results, it is believed that the reduction mechanism is comparable to the 
reduction of N,N-dimethylbenzamide 6-1 (Chapter 6). Incorporating EWG’s into the para 
position of the phenyl ring appeared to hamper the level of conversion where as EDG’s had 
little impact on the level of conversion. The nitrile group was the only substituent to improve 
the selectivity of the reaction towards amine formation, whereas EDG’s had no deteactable 
effect on the selectivity of the reaction. More importantly, the EDG’s and EWG’s were stable 
to electrolysis which demonstrates that electrochemical reduction can be selective and that 
the technique could have potential applications in the pharmaceutical industry.  
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Limited success was observed for the reduction of other tertiary amides that were not 
benzamide derivatives. The reduction of 1-benzyl-2-piperidone 7-12 provided the highest 
level of conversion for a non-benzamide derivative; the benzyl group on the nitrogen atom 
was important for successful reduction. Interestingly, tertiary amides containing aliphatic 
substituents were not reducible, and it appeared that tert-butyl groups on the α-carbon 
hindered reduction of the carbonyl group.    
Finally, the reduction of (S)-(4-benzyl-3,6-dioxo-piperazin-2-yl)-acetic acid benzyl ester 7-29 
did not result in the formation of the amine product, but a phenyl group appeared to have 
been cleaved from the compound. 
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 Conclusions and Recommendations  Chapter 8
This chapter provides a summary of the work carried out in this thesis to develop an 
electrochemical process for an environmentally benign, atom- and energy-efficient method 
for application in organic synthesis. In particular, the reduction of amides to amines and the 
reduction of C=C bonds.  
Experiments were carried out using a VC RDE to determine kinetic parameters and a 
commercially available Electrocell Micro Flow Cell® was successfully modified to perform 
reactor investigations. Batch electrolysis was also carried out in a two compartment H-cell 
using a VC electrode.  
8.1 Chapter Conclusions 
8.1.1 Reduction of Maleimide 
The reduction of maleimide 4-1 to succinimide 4-1a was achieved using the electrochemical 
flow-through reactor operating in batch recycle mode, demonstrating the chemoselective 
reduction of the C=C bond rather than the carbonyl groups. Complete conversion of 
maleimide 4-1 was obtained after 5 hours of electrolysis at both BDD and VC cathodes at a 
fixed potential of -1.2 V (AgCl|Ag).  
For comparison, batch electrolyses were carried out using maleimide 4-1 in a two 
compartment batch cell using a VC electrode. Using a VC electrode 40% of maleimide 4-1 
was converted to succinimide 4-1a. This indicates that batch electrolysis is not as efficient as 
the flow-through reactor to carry out electrochemical synthesis.  
The volumetric surface area of the cathode in the flow-through reactor was increased by 
incorporating a three dimensional graphite felt electrode. This had a dramatic effect on the 
reaction time, affording a 99% conversion of the maleimide 4-1 to succinimide 4-1a after ca. 
400 seconds. The combination of a short reaction time and a high conversion makes this a 
highly efficient process for the chemoselective reduction of the C=C bond of maleimide 4-1, 
with a current efficiency of 95%. 
Further reaction parameters were investigated and it was found that pH 0 provided the 
optimal reaction conditions to achieve the fastest conversion to succinimide 4-1a. Reduction 
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at pH 2 and pH 4 progressed slower compared to pH 0; at pH 7 no succinimide 4-1a was 
formed. This suggests that the H+ concentration is essential for efficient and selective 
reduction of maleimide 4-1.  
It was therefore demonstrated that the reduction of maleimide 4-1 to succinimide 4-1a could 
be attained in high conversion and short reaction times at a graphite felt electrode. The use of 
the electrochemical flow-through reactor and the conditions used for the electrolysis satisfied 
many of the criteria required for a green chemical technology.  
8.1.2 Reduction of C=C Bonds 
Following the successful reduction of maleimide 4-1 a range of maleimide derivatives were 
synthesised to determine whether chemoselective and stereoselective reduction of C=C bonds 
could be achieved using the electrochemical flow-through reactor.  
Using N-allylmaleimide 5-1 and N-propargylmaleimide 5-2 as substrates, it was shown that 
the flow-through reactor was effective for the chemoselective reduction of the cyclic C=C 
bond of in the presence of allyl, propargyl and imide groups. As observed for the reduction of 
maleimide 4-1, the use of a 3D graphite felt electrode decreased the reaction time but did not 
affect the chemoselectivity of the reduction. 
Stereoselective reduction was investigated using 3,4-dimethylmaleimide 5-3 and N-benzyl-
3,4-dimethylmaleimide 5-4; where mixtures of diastereomeric products were obtained. 
Reduction carried out at a 2D BDD electrode resulted in a 2:3 mixture of the cis- and trans- 
isomers respectively, showing a bias towards the formation of the trans- product. 
Incorporating the 3D graphite felt electrode slightly enhanced the stereochemical reduction of 
N-benzyl-3,4-dimethylmaleimide 5-4 where a 1:3 mixture of cis- and trans- isomers was 
obtained.  
The ability to chemoselectively reduce a conjugated C=C bond is particularly interesting to 
organic synthesis as it offers an environmentally benign technology. Such chemoselective 
and stereoselective reduction using the electrochemical flow-through reactor provided a 
further example of a green technology that could be applied to organic synthesis. 
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8.1.3 N,N-Dimethylbenzamide Reduction 
Chemical methods to reduce amides to amines are not desirable processes as they suffer from 
poor atom-economy, and are also hazardous and are not environmentally benign. In this 
work, it has been demonstrated that N,N-dimethylbenzamide 6-1 can be reduced 
electrochemically at a BDD electrode using the flow-through reactor in 1 M aq. H2SO4. 
Difficulty measuring the limiting current density and the reduction potential of N,N-
dimethylbenzamide 6-1 from CV experiments was observed due to the competing reaction of 
hydrogen evolution dominating the CV. This led to the use of forcing current densities 
(suggested from the early literature) of 2000 A m-2 and highly cathodic potentials of -2.8 V 
(AgCl|Ag), therefore low charge yields were measured due to competitive reduction of water 
to hydrogen. 
Reduction carried out at a constant current density (1000 and 2000 A m-2) reduced the amide 
to benzyl alcohol 6-3 and N,N-dimethylbenzylamine 6-1a in a ratio of ca. 2.3:1. The 
selectivity of the reaction under constant current density conditions could not be improved. 
However the reduction of N,N-dimethylbenzamide 6-1 was found to be governed by cathode 
potential and pH of the electrolyte solution. The fastest reduction was achieved at -2.8 V 
(AgCl|Ag) and at pH ≥ 1 the only products of the reduction were benzaldehyde 6-2 and 
benzyl alcohol 6-3.  
A reduction mechanism was proposed for the reduction of the amide and it was proposed that 
the removal of water from the electrolyte solution could hypothetically shift the equilibrium 
towards the production of the amine product. To test this, a range of organic solvents were 
incorporated into the electrolyte system (Scheme 6.5, Chapter 6).  Unfortunately the organic 
solvent-electrolyte systems were not very successful and did not have the desired effect. 
However the work carried out in this Chapter described a method for the reduction of N,N-
dimethylbenzamide 6-1 to a mixture of products, containing the desired amine.  
8.1.4 Reduction of Tertiary Amides 
The reduction of N,N-dimethylbenzamide 6-1 demonstrated that tertiary amides were 
reducible using the electrochemical flow-through reactor, therefore a range of tertiary amides 
were synthesised for investigation. N-benzoylpyrrolidine 7-1 derivatives were reduced to the 
corresponding amines but the aldehyde and alcohol products were also recovered. Electron 
Chapter 8  Conclusions and Recommendations 
194 
 
withdrawing and donating groups incorporated into the phenyl ring of the N-
benzoylpyrrolidine 7-1 derivatives had no effect on the selectivity of the reaction as mixtures 
of the amine, aldehyde and alcohol products were still obtained. However these EWG and 
EDG functionality were stable to electrolysis, which shows that the electrochemical flow-
through reactor retains its selectivity towards the amide functional group under these 
conditions. This was a promising result as candidate drug molecules often contain a range of 
functional groups and for the electrochemical technique to be applied to the pharmaceutical 
industry the method would have to be highly chemoselective. 
To test the application of the electrochemical flow-through reactor to the pharmaceutical 
industry, (S)-(4-benzyl-3,6-dioxo-piperazin-2-yl) was used to represent a candidate drug 
molecule. The reduction did not lead to the formation of the amine product in this case. 
8.2 Contribution of this Thesis 
The work presented in this thesis has provided insight into the utility of flow electrochemistry 
to the field of organic synthesis. A commercial electrochemical reactor was modified to 
enable chronoamperometry experiments to be carried out on a preparative scale. In particular 
this work has provided a methodology for chemoselective reduction of conjugated C=C 
bonds using an electrochemical flow-through reaction under conditions that are 
environmentally benign and safe. Amide reduction was significantly more challenging but a 
mixture of products, including the desired amine product, was achieved in the flow-through 
reactor. This has provided the basis for further work into the electrochemical reduction of 
amides to amines. 
8.3 Recommendations 
Future work and recommendations that could be explored to improve upon the work 
presented in this thesis are discussed below. 
To gain improved control of the electrochemical flow reactor, the AgCl reference electrode 
could be relocated within the reactor to improve the accuracy of the results; a luggin probe 
system could be explored to enable closer contact with the working electrode. 
The synthesis and reduction of maleimide derivatives with bulky substituents across the C=C 
bond would provide an insight into the stereoselective mechanism of the electrochemical 
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reduction. The stereochemical reductions could also be carried out chemically to determine if 
there is a natural bias towards a particular stereoisomer. The proposed structures for synthesis 
are shown in Figure 8-1.  
 
Figure 8-1: Proposed maleimide substituents to further investigate stereoselective reduction. 
Synthesising a more thorough range of amides to study would broaden the outlook of the 
work, Figure 8-2 shows some structures that could be synthesised. The ester functionality 
incorporated into the benzamide derivative could also be investigated to determine if it is 
stable to electrochemical reduction (8-10, Figure 8-2). This functionality was not explored in 
this thesis but many candidate drug molecules incorporate ester functionality therefore 
determining their stability to electrochemical reduction would be beneficial.  
It would be interesting to explore the reduction of primary and secondary amides after the 
successful reduction of N-methylbenzamide 6-9 and benzamide 6-10. To complete the work 
on the reduction of benzamide derivatives, it is proposed to use strongly electron withdrawing 
substituents on the amide nitrogen and to incorporate the nitrogen lone pair into an aromatic 
ring to promote water elimination and the production of the desired amine product (8-11 and 
8-12, Figure 8-2). Aliphatic amides could be synthesised to determine if they are reducible 
and a range of structures similar to candidate drug molecules (8-13 and 8-14, Figure 8-2) 
could be investigated.  
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Figure 8-2: Proposed amides for further investigation. 
Finding a synthetic technique to test the reduction of a hemiaminal would validate the 
proposed amide reduction mechanism. Hemiaminals are very unstable but using protecting 
groups such as an ether group would enable synthesis of a compound that could be stable 
enough to study. Melika synthesised the protected hemiaminal 8-15 as shown in Figure 8-3 
by the use of a protecting ether group.152 
 
Figure 8-3: Protected hemiaminal structure 8-15. 
Developing a wall-jet BDD electrode would enable the electro-kinetics for the reduction of 
N,N-dimethylbenzamide 6-1 to be defined in the absence of hydrogen gas bubbles to gain a 
better understanding of the reduction mechanism. A design proposed by Compton et al. could 
be implemented with a BDD electrode as shown in Figure 8-4.153 Establishing a better 
understanding of the reduction mechanism would provide a powerful insight into developing 
an optimised methodology for amide reduction. This would also enable a kinetic model to be 
developed which would strengthen the results and enable the electrochemical reactor to be 
studied computationally.  
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Figure 8-4: Wall-jet BDD electrode based on the design by Compton et al. 153 
Further work should be carried out to identify a suitable solvent system and supporting 
electrolyte to carry out the reduction and improve the scope of electrochemical reduction of 
organic compounds. Dimethyl sulfoxide (DMSO) would provide good solubility for a range 
of organics, is a usable solvent for the pharmaceutical industry and has a reduction potential 
limit of -2.8 V (Ag reference) when using TEAP as a supporting electrolyte.53 Although 
DMSO would not be a suitable solvent for the reduction of N,N-dimethylbenzamide 6-1 as 
the reduction potential is -2.8 V (Ag|AgCl) it could be useful for the reduction of other 
compounds.  
The work-up procedure described in this thesis used dichloromethane to isolate the products, 
this is not desirable for a green process and an alternative should be found. Ethyl acetate is a 
polar aprotic solvent like dichloromethane and is usable by pharmaceutical standards. 
Therefore experiments with ethyl acetate should be carried out to improve product isolation. 
Finally to further improve the work the reactor conditions should be further optimised and 
amide and C=C reductions should all be followed online with UV-visible spectrometer and 
GC-MS analysis. 
  References   
198 
 
References
 
1. D. Haddenham, J. Org. Chem., 2009, 74, 1964. 
2. D. J. C. Constable, P. J. Dunn, D. J. Hayler, G. R. Humphrey, J. L. Leazer, R. J. 
Linderman, K. Lorenz, J. Manley, B. A. Pearlman, A. Wells, A. Zaks and T. Y. 
Zhang, Green Chem., 2007, 9, 411. 
3. P. Urben and L. Bretherick, Bretherick's Handbook of Reactive Chemical Hazards, 
Volume 1 (6th Edition), Elsevier Butterworth-Heinemann, 1999. 
4. J. S. Carey, D. Laffan, C. Thomson and M. T. Williams, Org. Biomol. Chem., 2006, 4, 
2337-2347. 
5. M. Poliakoff and P. Licence, Nature, 2007, 450, 810-812. 
6. P. T. Anastas and J. C. Warner, Green Chemistry: Theory and Practice, Oxford 
University Press, USA, 2000. 
7. R. A. Sheldon, Green Chem., 2007, 9, 1273-1283. 
8. B. A. Frontana-Uribe, R. D. Little, J. G. Ibanez, A. Palma and R. Vasquez-Medrano, 
Green Chem., 2010, 12, 2099-2119. 
9. E. Steckhan†, T. Arns, W. R. Heineman, G. Hilt, D. Hoormann, J. Jörissen, L. 
Kröner, B. Lewall and H. Pütter, Chemosphere, 2001, 43, 63-73. 
10. M. Mentel, M. J. Beier and R. Breinbauer, Synthesis, 2009, 2009, 1463-1468. 
11. A. Kirste, B. Elsler, G. Schnakenburg and S. R. Waldvogel, J. Am. Chem. Soc., 2012, 
134, 3571-3576. 
12. M. M. Baizer, J. Appl. Electrochem., 1980, 10, 285-290. 
13. C. A. C. Sequeira and D. M. F. Santos, J. Braz. Chem. Soc., 2009, 20, 387-406. 
14. D. Pletcher, Industrial electrochemistry, Chapman and Hall, London, 1982. 
15. R. F. Nystrom and W. G. Brown, J. Am. Chem. Soc., 1948, 70, 3738-3740. 
16. C. D. Gill, D. A. Greenhalgh and N. S. Simpkins, Tetrahedron, 2003, 59, 9213-9230. 
17. L. Pasumansky, C. T. Goralski and B. Singaram, Org. Process Res. Dev., 2006, 10, 
959-970. 
18. A. C. Fernandes and C. C. Romão, J. Mol. Catal. A: Chem., 2007, 272, 60-63. 
19. H. C. Brown and S. Krishnamurthy, Tetrahedron, 1979, 35, 567-607. 
20. J. S. Cha and H. C. Brown, J. Org. Chem., 1993, 58, 4727-4731. 
21. C. F. Lane, Chem. Rev., 1976, 76, 773-799. 
22. M. Couturier, J. L. Tucker, B. M. Andresen, P. Dube and J. T. Negri, Org. Lett., 2001, 
3, 465-467. 
23. W. H. Miles, E. J. Fialcowitz and E. S. Halstead, Tetrahedron, 2001, 57, 9925-9929. 
24. R. J. P. Corriu, J. J. E. Moreau and M. Pataud-Sat, J. Organomet. Chem., 1982, 228, 
301-308. 
25. R. Arias-Ugarte, H. K. Sharma, A. L. C. Morris and K. H. Pannell, J. Am. Chem. Soc., 
2011, 134, 848-851. 
26. R. Kuwano, M. Takahashi and Y. Ito, Tetrahedron Lett., 1998, 39, 1017-1020. 
27. M. Igarashi and T. Fuchikami, Tetrahedron Lett., 2001, 42, 1945-1947. 
28. K. Selvakumar, K. Rangareddy and J. F. Harrod, Can. J. Chem., 2004, 82, 1244-1248. 
29. K. Matsubara, T. Iura, T. Maki and H. Nagashima, J. Org. Chem., 2002, 67, 4985-
4988. 
30. S. Hanada, Y. Motoyama and H. Nagashima, Tetrahedron Lett., 2006, 47, 6173. 
31. S. Park and M. Brookhart, J. Am. Chem. Soc., 2011, 134, 640-653. 
32. G. Barbe and A. B. Charette, J. Am. Chem. Soc., 2008, 130, 18. 
  References   
199 
 
33. G. Pelletier, W. S. Bechara and A. B. Charette, J. Am. Chem. Soc., 2010, 132, 12817-
12819. 
34. S. Zhou, K. Junge, D. Addis, S. Das and M. Beller, Angew. Chem., Int. Ed., 2009, 48, 
9507. 
35. S. Das, B. Wendt, K. Möller, K. Junge and M. Beller, Angew. Chem., Int. Ed. Engl., 
2012, 51, 1662-1666. 
36. D. Addis, S. Das, K. Junge and M. Beller, Angew. Chem., Int. Ed., 2011, 50, 6004-
6011. 
37. P. A. Dub and T. Ikariya, ACS Catalysis, 2012, 2, 1718-1741. 
38. G. Beamson, A. J. Papworth, C. Philipps, A. M. Smith and R. Whyman, Adv. Synth. 
Catal., 2010, 352, 869-883. 
39. B. Wojcik and H. Adkins, J. Am. Chem. Soc., 1934, 56, 2419-2424. 
40. H. S. Broadbent and W. J. Bartley, J. Org. Chem., 1963, 28, 2345-2347. 
41. H. S. Broadbent, G. C. Campbell, W. J. Bartley and J. H. Johnson, J. Org. Chem., 
1959, 24, 1847-1854. 
42. C. Hirosawa, N. Wakasa and T. Fuchikami, Tetrahedron Lett., 1996, 37, 6749. 
43. WO Pat., WO 2005/066112 A1, 2005. 
44. A. A. Nunez Magro, G. R. Eastham and D. J. Cole-Hamilton, Chem. Comm., 2007, 
3154-3156. 
45. R. Burch, C. Paun, X. M. Cao, P. Crawford, P. Goodrich, C. Hardacre, P. Hu, L. 
McLaughlin, J. Sá and J. M. Thompson, J. Catal., 2011, 283, 89-97. 
46. O. Dipeolu, J. Gardiner and G. Stephens, Biotechnol. Lett., 2005, 27, 1803-1807. 
47. H. Li, R. Mustacchi, C. J. Knowles, W. Skibar, G. Sunderland, I. Dalrymple and S. A. 
Jackman, Tetrahedron, 2004, 60, 655-661. 
48. J. Yoshida, K. Kataoka, R. Horcajada and A. Nagaki, Chem. Rev., 2008, 108, 2265-
2299. 
49. J. B. Sperry and D. L. Wright, Chem. Soc. Rev., 2006, 35, 605-621. 
50. H. Lund, J. Electrochem. Soc., 2002, 149, S21. 
51. H. J. Schäfer, Angew. Chem., Int. Ed. Engl., 1981, 20, 911-934. 
52. A. Tomilov, V. Turygin and L. Kaabak, Russ. J. Electrochem., 2007, 43, 1106-1122. 
53. H. Lund, Organic Electrochemistry: An Introduction and a Guide, 4th edn., Marcel 
Dekker, 2001. 
54. J. P. Coleman, in Acid Derivatives (1979), John Wiley & Sons, Ltd., Editon edn., 
2010, pp. 781-824. 
55. H. Lund, Acta Chem. Scand., 1963, 17, 2325. 
56. R. Marín Galvín and J. M. Rodríguez Mellado, Journal of Electroanalytical 
Chemistry and Interfacial Electrochemistry, 1989, 260, 101-111. 
57. R. A. Benkeser, H. Watanabe, S. J. Mels and M. A. Sabol, J. Org. Chem., 1970, 35, 
1210-1211. 
58. L. Horner, Chem. Ber., 1965, 98, 3462. 
59. F. D. Popp and H. P. Schultz, Chem. Rev., 1962, 62, 19-40. 
60. J. Tafel, Chem. Ber., 1899, 32, 68. 
61. S. Swann, J. Electrochem. Soc., 1966, 113, 513. 
62. B. Sakurai, Bull. Chem. Soc. Jpn., 1930, 5, 184. 
63. I. Fechete and V. Jouikov, Electrochim. Acta, 2008, 53, 7107-7110. 
64. R. E. Gawley, S. R. Chemburkar, A. L. Smith and T. V. Anklekar, J. Org. Chem., 
1988, 53, 5381-5383. 
65. M. J. Allen and J. Ocampo, J. Electrochem. Soc., 1956, 103, 452-455. 
66. B. Sakurai, Bull. Chem. Soc. Jpn., 1935, 10, 311. 
67. B. Sakurai, Bull. Chem. Soc. Jpn., 1936, 11, 41. 
  References   
200 
 
68. B. Sakurai, Bull. Chem. Soc. Jpn., 1938, 13, 482. 
69. S. Swann, Trans. Electrochem. Soc., 1943, 84, 165-172. 
70. A. T. Tran, V. A. Huynh, E. M. Friz, S. K. Whitney and D. B. Cordes, Tetrahedron 
Lett., 2009, 50, 1817-1819. 
71. P. K. Sharma, S. Kumar, P. Kumar and P. Nielsen, Tetrahedron Lett., 2007, 48, 8704-
8708. 
72. W. S. Knowles, Angew. Chem., Int. Ed., 2002, 41, 1998-2007. 
73. R. Noyori, Angew. Chem., Int. Ed., 2002, 41, 2008-2022. 
74. J. Wang, G. Song, Y. Peng and Y. Zhu, Tetrahedron Lett., 2008, 49, 6518-6520. 
75. M.-Y. Ngai, J.-R. Kong and M. J. Krische, J. Org. Chem., 2006, 72, 1063-1072. 
76. J. Halpern, J. F. Harrod and B. R. James, J. Am. Chem. Soc., 1961, 83, 753-754. 
77. J. F. Young, J. A. Osborn, F. H. Jardine and G. Wilkinson, Chem. Comm., 1965, 131-
132. 
78. B. P. Mundy, M. G. Ellerd and F. G. Favaloro, eds., Name Reactions and Reagents in 
Organic Synthesis (2nd Edition), John Wiley & Sons. 
79. A. Cadu and P. G. Andersson, J. Organomet. Chem., 2012, 714, 3-11. 
80. S. J. Roseblade and A. Pfaltz, Acc. Chem. Res., 2007, 40, 1402-1411. 
81. R. H. Crabtree, H. Felkin and G. E. Morris, J. Organomet. Chem., 1977, 141, 205-
215. 
82. R. Crabtree, Acc. Chem. Res., 1979, 12, 331-337. 
83. A. Lightfoot, P. Schnider and A. Pfaltz, Angew. Chem., Int. Ed., 1998, 37, 2897-2899. 
84. G. Helmchen and A. Pfaltz, Acc. Chem. Res., 2000, 33, 336-345. 
85. X. Cui and K. Burgess, Chem. Rev., 2005, 105, 3272-3296. 
86. S. Monfette, Z. R. Turner, S. P. Semproni and P. J. Chirik, J. Am. Chem. Soc., 2012, 
134, 4561-4564. 
87. G. C. Welch, L. Cabrera, P. A. Chase, E. Hollink, J. D. Masuda, P. Wei and D. W. 
Stephan, Dalton Trans., 2007, 3407-3414. 
88. D. W. Stephan and G. Erker, Angew. Chem., Int. Ed., 2010, 49, 46-76. 
89. G. C. Welch, R. R. S. Juan, J. D. Masuda and D. W. Stephan, Science, 2006, 314, 
1124-1126. 
90. P. A. Chase, G. C. Welch, T. Jurca and D. W. Stephan, Angew. Chem., Int. Ed., 2007, 
46, 8050-8053. 
91. J. S. Reddy, B.-H. Xu, T. Mahdi, R. Fröhlich, G. Kehr, D. W. Stephan and G. Erker, 
Organometallics, 2012, 31, 5638-5649. 
92. B. C. Ranu and S. Samanta, Tetrahedron, 2003, 59, 7901-7906. 
93. G. K. Rao, N. B. Gowda and R. A. Ramakrishna, Synth. Commun., 2011, 42, 893-904. 
94. S. Sakaguchi, T. Yamaga and Y. Ishii, J. Org. Chem., 2001, 66, 4710-4712. 
95. C. Gaviglio and F. Doctorovich, J. Org. Chem., 2008, 73, 5379-5384. 
96. S. J. Garden, C. R. W. Guimarães, M. B. Corréa, C. A. F. d. Oliveira, A. d. C. Pinto 
and R. Bicca de Alencastro, J. Org. Chem., 2003, 68, 8815-8822. 
97. R. G. de Noronha, C. C. Romão and A. C. Fernandes, Tetrahedron Lett., 2010, 51, 
1048-1051. 
98. J.-Y. Shang, F. Li, X.-F. Bai, J.-X. Jiang, K.-F. Yang, G.-Q. Lai and L.-W. Xu, Eur. J. 
Org. Chem., 2012, 2012, 02809-02815. 
99. A. Fryszkowska, K. Fisher, J. M. Gardiner and G. M. Stephens, J. Org. Chem., 2008, 
73, 4295-4298. 
100. H. A. Laitinen and S. Wawzonek, J. Am. Chem. Soc., 1942, 64, 1765-1768. 
101. K. N. Campbell and E. E. Young, J. Am. Chem. Soc., 1943, 65, 965-967. 
102. S. Abe, T. Nonaka and T. Fuchigami, J. Am. Chem. Soc., 1983, 105, 3630-3632. 
  References   
201 
 
103. B. Mahdavi, P. Chambrion, J. Binette, E. Martel and J. Lessard, Can. J. Chem., 1995, 
73, 846-852. 
104. G. M. R. van Druten, E. Labbé, V. Paul-Boncour, J. Périchon and A. Percheron-
Guégan, J. Electroanal. Chem., 2000, 487, 31-36. 
105. J. O. M. Bockris, J. Electrochem. Soc., 1965, 112, 1025. 
106. E. G. Dafft, K. Bohnenkamp and H. J. Engell, Corros. Sci., 1979, 19, 591-612. 
107. D. S. Santana, G. O. Melo, M. V. F. Lima, J. R. R. Daniel, M. C. C. Areias and M. 
Navarro, J. Electroanal. Chem., 2004, 569, 71-78. 
108. D. Robin, M. Comtois, A. Martel, R. Lemieux, A. K. Cheong, G. Belot and J. 
Lessard, Can. J. Chem., 1990, 68, 1218-1227. 
109. P. N. Pintauro and J. R. Bontha, J. Appl. Electrochem., 1991, 21, 799-804. 
110. P. N. Pintauro, M. P. Gil, K. Warner, G. List and W. Neff, Ind. Eng. Chem. Res., 
2005, 44, 6188-6195. 
111. J. Newman and K. E. Thomas-Alyea, Electrochemical Systems, 3rd Edition edn., 
Wiley Interscience, 2004. 
112. F. Walsh, A First Course in Electrochemical Engineering, 3rd Edition edn., The 
Electrochemical Consultancy, 1993. 
113. G. H. Kelsall, Electrochemical Engineering and Technology Lecture Notes, Imperial 
College London, 2007. 
114. R. G. Compton and C. E. Banks, Understanding Voltammetry, World Scientific 
Publishing Company, 2007. 
115. D. Pletcher, A First Course in Electrode Processes, 1st edn., The Electrochemical 
Consultancy, 1991. 
116. Hellma, http://www.hellma-analytics.com/text/161/en/fibre-optic-probes.html. 
117. A. Primer, Fundamentals of UV-Visible Spectroscopy, 1st edn., Hewlett Packard, 
1996. 
118. U. F. Md Ali, Electrochemical Separation and Purification of Metals from Waste 
Electrical and Electronic Equipment (WEEE), Imperial College London, 2011. 
119. P. A. Scherer, http://www.litremeter.com/apdf_files/MGC-Leaflet-E.pdf. 
120. N. Mitani and Y. Einaga, J. Electroanal. Chem., 2009, 626, 156-160. 
121. J. H. T. Luong, K. B. Male and J. D. Glennon, Analyst, 2009, 134, 1965-1979. 
122. R. G. Compton, J. S. Foord and F. Marken, Electroanalysis, 2003, 15, 1349-1363. 
123. Y. V. Pleskov, Russ. J. Electrochem., 2002, 38, 1275-1291. 
124. M. Panizza and G. Cerisola, Electrochim. Acta, 2005, 51, 191-199. 
125. Y. V. Pelskov, A. Y. Sakharova, M. D. Krotova, L. L. Bouilov and B. V. Spitsyn, J. 
Electroanal. Chem. Interfacial Electrochem., 1987, 228, 19-27. 
126. D. Zollinger, U. Griesbach, H. Pütter and C. Comninellis, Electrochem. Commun., 
2004, 6, 600-604. 
127. R. G. Barradas, S. Fletcher and J. D. Porter, J. Electroanal. Chem. Interfacial 
Electrochem., 1977, 75, 533-543. 
128. M. Colombo and I. Peretto, Drug Discovery Today, 2008, 13, 677-684. 
129. N. G. Anderson, Org. Process Res. Dev., 2001, 5, 613-621. 
130. J. S. Newman and C. W. Tobias, J. Electrochem. Soc., 1962, 109, 1183-1191. 
131. A. T. S. Walker and A. A. Wragg, Electrochim. Acta, 1977, 22, 1129-1134. 
132. R. Carta, S. Palmas, A. M. Polcaro and G. Tola, J. Appl. Electrochem., 1991, 21, 793-
798. 
133. A. Pel s, E. T. T.  umpulainen and A. M. P.  oskinen, J. Org. Chem., 2009, 74, 
7598-7601. 
134. L. Korotaeva, in Russ. J. Electrochem., Editon edn., 2003, vol. 39, p. 1203. 
  References   
202 
 
135. M. Dubernet, V. Caubert, J. Guillard and M.-C. Viaud-Massuard, Tetrahedron, 2005, 
61, 4585-4593. 
136. M. Katoh, K. Dodo, M. Fujita and M. Sodeoka, Bioorg. Med. Chem. Lett., 2005, 15, 
3109-3113. 
137. L. Curtin Michael, B. Garland Robert, H. R. Heyman, R. Frey Robin, R. Michaelides 
Michael, J. Li, J. Pease Lori, B. Glaser Keith, A. Marcotte Patrick and K. Davidsen 
Steven, Bioorg. Med. Chem. Lett., 2002, 12, 2919-2923. 
138. K. Kaniwa, A. Arai Midori, X. Li and M. Ishibashi, Bioorg. Med. Chem. Lett., 2007, 
17, 4254-4257. 
139. N. Nakamura, A. Hirakawa, J.-J. Gao, H. Kakuda, M. Shiro, Y. Komatsu, C.-c. Sheu 
and M. Hattori, J. Nat. Prod., 2003, 67, 46-48. 
140. T. Punniyamurthy and T. Katsuki, Tetrahedron, 1999, 55, 9439-9454. 
141. T. Polonski, J. Chem. Soc., Perkin Trans. 1, 1988, 629-637. 
142. J. M. Burns, M. E. Ashley, G. C. Crockett and T. H. Koch, J. Am. Chem. Soc., 1977, 
99, 6924-6928. 
143. D. J. Pickett and K. L. Ong, Electrochim. Acta, 1974, 19, 875-882. 
144. H. F. M. Gijsbers and L. J. J. Janssen, J. Appl. Electrochem., 1989, 19, 637-648. 
145. J. J. Lingane, C. G. Swain and M. Fields, J. Am. Chem. Soc., 1943, 65, 1348-1353. 
146. A. P. Doherty and C. A. Brooks, Electrochim. Acta, 2004, 49, 3821-3826. 
147. K. Alfonsi, J. Colberg, P. J. Dunn, T. Fevig, S. Jennings, T. A. Johnson, H. P. Kleine, 
C. Knight, M. A. Nagy, D. A. Perry and M. Stefaniak, Green Chem., 2008, 10, 31-36. 
148. US Pat., US 5001277, 1991. 
149. Y. Otani, O. Nagae, Y. Naruse, S. Inagaki, M. Ohno, K. Yamaguchi, G. Yamamoto, 
M. Uchiyama and T. Ohwada, J. Am. Chem. Soc., 2003, 125, 15191-15199. 
150. V. Micovic and M. Mihailovic, J. Org. Chem., 1953, 18, 1190-1200. 
151. J. T. Njardarson, Top 200 Brand Name Drugs by US Retail Sales in 2010, 
http://drugtopics.modernmedicine.com/drugtopics/data/articlestandard//drugtopics/25
2011/727252/article.pdf. 
152. Y. V. Melika, Sov. Prog. Chem., 1973, 39, 799. 
153. R. G. Compton, C. R. Greaves and A. M. Waller, J. Appl. Electrochem., 1990, 20, 
586-589. 
154. M. A. Walker, Tetrahedron Lett., 1994, 35, 665-668. 
155. C. D. Mayer, M. Kehrel and F. Bracher, Org. Prep. Proced. Int., 2008, 40, 574-579. 
156. G. B. Gill, G. D. James, K. V. Oates and G. Pattenden, J. Chem. Soc., Perkin Trans. 
1, 1993, 2567-2579. 
157. N. Abe, F. Fujisaki, K. Sumoto and S. Miyano, Chem. Pharm. Bull., 1991, 39, 1167-
1170. 
158. R. Tank, U. Pathak, M. Vimal, S. Bhattacharyya and L. K. Pandey, Green Chem., 
2011, 13, 3350-3354. 
159. J. Li, F. Xu, Y. Zhang and Q. Shen, J. Org. Chem., 2009, 74, 2575-2577. 
160. D. Hellwinkel, F. Lämmerzahl and G. Hofmann, Chem. Ber., 1983, 116, 3375-3405. 
161. C. L. Shaffer, S. Harriman, Y. M. Koen and R. P. Hanzlik, J. Am. Chem. Soc., 2002, 
124, 8268-8274. 
162. A. Noel, B. Delpech and D. Crich, Org. Lett., 2012, 14, 1342-1345. 
163. U. Anwar, A. Casaschi, R. Grigg and J. M. Sansano, Tetrahedron, 2001, 57, 1361-
1367. 
164. M. Sortino and S. A. Zacchino, Tetrahedron: Asymmetry, 2010, 21, 535-539. 
165. A. Wang and H. Jiang, J. Org. Chem., 2010, 75, 2321-2326. 
166. C. Jin, L. Zhang and W. Su, Synlett, 2011, 2011, 1435-1438. 
  References   
203 
 
167. G. Barozzino Consiglio, P. Queval, A. Harrison-Marchand, A. Mordini, J.-F. Lohier, 
O. Delacroix, A.-C. Gaumont, H. Gérard, J. Maddaluno and H. Oulyadi, J. Am. Chem. 
Soc., 2011, 133, 6472-6480. 
168. R. Cano, M. Yus and D. J. Ramón, Tetrahedron, 2011, 67, 8079-8085. 
169. W. Zhang, X. Dong and W. Zhao, Org. Lett., 2011, 13, 5386-5389. 
170. G. A. Molander, P. E. Gormisky and D. L. Sandrock, J. Org. Chem., 2008, 73, 2052-
2057. 
171. A. Rolfe, D. A. Probst, K. A. Volp, I. Omar, D. L. Flynn and P. R. Hanson, J. Org. 
Chem., 2008, 73, 8785-8790. 
172. Y. Wei, S. Han, J. Kim, S. Soh and B. A. Grzybowski, J. Am. Chem. Soc., 2010, 132, 
11018-11020. 
173. K.-B. Oh, S.-H. Kim, J. Lee, W.-J. Cho, T. Lee and S. Kim, J. Med. Chem., 2004, 47, 
2418-2421. 
174. W. Russell Bowman, P. T. Stephenson, N. K. Terrett and A. R. Young, Tetrahedron, 
1995, 51, 7959-7980. 
175. L. Wang, J. Li, H. Yang, Y. Lv and S. Gao, J. Org. Chem., 2011, 77, 790-794. 
176. Y. Yamamoto, H. Hasegawa and H. Yamataka, J. Org. Chem., 2011, 76, 4652-4660. 
177. US Pat., 6777561  B1, 2004. 
178. S. A. Glover and J. Warkentin, J. Org. Chem., 1993, 58, 2115-2121. 
179. R. Nacario, S. Kotakonda, D. M. D. Fouchard, L. M. V. Tillekeratne and R. A. 
Hudson, Org. Lett., 2005, 7, 471-474. 
180. K. Selvakumar, Can. J. Chem., 2004, 82, 1244. 
181. S. Chiba, L. Zhang and J.-Y. Lee, J. Am. Chem. Soc., 2010, 132, 7266-7267. 
 
Appendix 1  Organic Synthesis 
204 
 
Appendix 1 Organic Synthesis 
General Remarks 
Commercial reagents were used as received and purchased from Sigma-Aldrich or Alfa 
Aesar. High purity water was prepared by reverse osmosis (Elga Elgastat) and de-ionisation 
(Elga prima) to give a resistivity of 1.6x105 Ω m. Solvents were dried over molecular sieve 
columns in a solvent purification system. Commercial reagents were used as received and 
purchased from Sigma-Aldrich or Alfa Aesar. Column chromatography was performed on 
flash silica gel (Kieselgel 60, 63-200 µm). 
1H and 13C NMR spectra were obtained using a Bruker Avance 400 MHz instrument (1H at 
400 MHz and 13C at 100 MHz). The chemical shifts are reported in δ (ppm) and referenced to 
residual protons and 13C signals in deuterated chloroform. The coupling constants (J) are 
expressed in Hertz (Hz). Multiplicities are indicated as below: singlet (s), doublet (d), triplet 
(t), quartet (q), and multiplet (m). 
Mass spectra (MS) were recorded on a Micromass Autospec-Q Mass spectrometer (EI and CI 
sources). Melting points (uncorrected) were determined using an Electrothermal Gallenhamp 
apparatus and a calibrated thermometer (± 2º C). Infra-red (IR) data was recorded using a 
Perkin Elmer FT-IR spectrometer fitted with an ATR accessory Gas Chromatography Mass 
Spectroscopy (GCMS) were recorded using an HP GCD C GCMS and a Zebron Wax Plus 
column (Phenomenex).  
High Performance Liquid Chromatography (HPLC) was obtained using a HP 1050 HPLC 
instrument and a Gemini NX C-18 column (Phenomenex).  
UV-visible spectra were recorded using an Aglient 8453 spectrophotometer and HELLMA 
fibre optic cables and flow-through cuvette. 
Hydrogen gas evolution was measured using a Ritter MGC-1 gas counter. 
 
 
 
Appendix 1  Organic Synthesis 
205 
 
Compounds used in Chapter 5 
N-Allylmaleimide (5-1).154, 155 Allyl alcohol (1.65 g, 28.4 mmol) was 
dissolved in 225 mL of THF. To this solution Ph3P (7.98 g, 30.6 mmol), 
maleimide (3.00 g, 31.2 mmol) and DIAD (6.9 g, 34.2 mmol) were added, and 
the reaction mixture was left to stir overnight. The solvent was then 
evaporated and the product was isolated by column chromatography (SiO2, 5:1 
hexane:EtOAc, Rf = 0.5) to give N-allylmaleimide  5-1 as a yellow solid (1.72g, 44%).  M.p. 
41-43 C (lit. 42-44 C) 61; υmax/cm
-1 3100, 3058, 2985, 1720, 1600, 1475, 1430, 1206, 900, 
862, 635; δH (400 MHz, CDCl3) 6.71 (2H, s, CH), 5.82-5.72 (1H, m, CH), 5.17-5.11 (2H, m, 
C=CH2), 4.12-4.06 (2H, m, NCH2); δC (100 MHz, CDCl3) 170.3 (2C, C=O), 134.2 (2C, CH), 
131.5 (1C, CH=CH2), 117.6 (1C, CH=CH2), 39.8 (1C, CH2); m/z (EI) 138 (M
+, 7%), 137 
(100), 109 (15), 95 (23), 55 (40), 43 (78). 
 N-Propargylmaleimide (5-2).135, 155 To a solution of maleic anhydride (2 g, 
20.40 mmol) in acetic acid (50 mL), propargylamine (1.69 g, 30.59 mmol) was 
added and the reaction mixture was refluxed for 16 hours. After cooling to 
room temperature, the acetic acid was evaporated.The crude product was dissolved in CH2Cl2 
and neutralised with 1 M KOH. The solvent was evaporated and the product purified by 
column chromatography (SiO2, 7:3 hexane:EtOAc, Rf = 0.4) to give the product as a yellow 
oil (0.53 g). υmax/cm-1 3280, 3100, 2961, 1775, 1600 (C=O), 1485, 1106, 805, 643;  δH (400 
MHz, CDCl3) 6.73 (2H, s, C=CH), 4.21 (2H, d, J 2 Hz CH2), 5.17-5.11 (1H, t, J 2 Hz, 
C≡CH); δC (100 MHz, CDCl3) 169.31 (2C, C=O), 134.48 (2C, CH), 76.89 (1C, C≡CH), 
71.62 (1C, C≡CH), 26.70 (1C, CH2); m/z (EI) 136 (M
+, 7%), 135(82), 107 (100), 79 (30), 54 
(75), 52 (48).                                                                                                     
3,4-Dimethylmaleimide (5-3).135, 156 To a solution of dimethylmaleic anhydride (2 
g, 15.63 mmol) in acetic acid (50 mL), ammonium acetate (1.81 g, 23.44 mmol) 
was added and the reaction mixture was refluxed for 16 hours. After cooling to 
room temperature, the solvent was evaporated and the product purified by column 
chromatography (SiO2, CH2Cl2, Rf = 0.4) to give 3,4-dimethylmaleimide 5-3 as a white solid 
(1.62g, 83%). M.p. 109-112 C (lit.156 111-113 C); υmax/cm
-1 3242, 1723, 1654, 1453, 1256, 
1038, 904, 695, 650; H (400 MHz, CDCl3) 8.15 (1H, s, NH), 1.96 (6H, s, CH3); δC (100 
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MHz, CDCl3) 172.1 (C=O), 138.3 (=C), 8.6 (CH3); m/z (EI) 126 (M
+, 12%), 125 (100), 82 
(10), 54 (68), 53 (30). 
N-Benzyl-3,4-dimethylmaleimide (5-4).135, 157 Benzylamine (2.51 g, 
23.44 mmol) was added to a solution of dimethylmaleic anhydride (2 g, 
15.63 mmol) in acetic acid (50 mL), and the reaction mixture was refluxed 
for 16 hours. The solvent was removed under vacuum and the product 
purified by column chromatography (SiO2, 7:3 hexane:EtOAc, Rf = 0.4) to give N-benzyl-
3,4-dimethylmaleimide 5-4 as a yellow solid (2.23g, 66%). M.p. 43-46 C (lit.157 44-45 C); 
υmax/cm
-1 3026, 1650 (C=O), 1584, 1452, 1418, 1390, 1035, 963, 706, 650; H (400 MHz, 
CDCl3) 7.35 (5H, m, H-Ar), 4.66 (2H, s, CH2), 1.97 (6H, s, CH3); δC (100 MHz, CDCl3) 
171.8 (C=O), 137.3 (CH), 136.7 (CH), 129.3 (C-Ar), 128.6 (C-Ar), 128.4 (C-Ar), 127.7 (C-
Ar), 41.5 (CH2), 8.7 (CH3); m/z (EI) 217 (M
+, 2%), 216 (25), 215 (100), 187 (28), 172 (35), 
104 (35), 91 (32), 77 (15), 54 (17). 
Compounds used in Chapter 7 
N-Benzoylpyrrolidine (7-1) Benzoyl chloride (2.6 mL, 22.42 mmol) was 
dissolved in CH2Cl2 (30 mL) and the solution was cooled to 0°C with 
stirring. Pyrrolidine (5.98 mL, 71.74 mmol) was added dropwise, and the 
resulting mixture was stirred for 30 minutes before quenching with H2O (30 mL). The 
organic layer was washed with 0.5M HCl (2 x 30 mL), saturated aq. NaHCO3 (2 x 30 mL) 
and brine (30 mL). The organic extract was dried over MgSO4 and concentrated under 
vacuum to give the product as a colourless oil (3.80 g, 96.7%). υmax/cm
-1 2950, 2800, 1650 
(C=O), 1445, 1210, 1094, 1003, 675; H (400 MHz, CDCl3) 7.55-7.51 (2H, m, Ar), 7.43-7.40 
(3H, m, Ar), 3.67 (2H, t, J 7 Hz, NCH2), 3.45 (2H, t, J 7 Hz, NCH2), 1.96-1.91 (4H, m, CH2); 
δC (100 MHz, CDCl3) 169.57 (1C, C=O), 137.21 (1C, CC=O), 129.66 (1C, Ar), 128.15 (2C, 
Ar), 127.19 (2C, Ar), 49.50 (1C, CH2), 46.05 (1C, CH2), 26.31 (1C, CH2), 24.37 (1C, CH2); 
m/z (EI) 176 (M+, 12%), 175 (64), 146 (25), 105 (100), 77 (68), 51 (30). 
N-(4-Methoxybenzoyl)pyrrolidine (7-2) A solution of 4-
methoxybenzoic acid chloride (3 g, 17.59 mmol) in CH2Cl2 (10 mL) 
was added dropwise to a stirred solution of pyrrolidine (1.38 g, 19.34 
mmol) and triethylamine (2.22 g, 21.98 mmol) in  CH2Cl2 (30 mL) at 0°C. The resulting 
mixture was stirred for 30 minutes before quenching with H2O (30 mL). The organic layer 
Appendix 1  Organic Synthesis 
207 
 
was washed with 1M HCl (2 x 30 mL), saturated aq. NaHCO3 (2 x 30 mL) and brine (30 
mL). The organic extract was dried over MgSO4 and concentrated under vacuum to give N-
(4-methoxybenzoyl)pyrrolidine 7-2 as a white solid (1.77 g, 49% yield). M.p 79-81 °C (lit.158 
78-79 °C);  υmax/cm
-1 2990, 2843, 1620 (C=O), 1472, 1225, 1182, 1008, 790, 700; H (400 
MHz, CDCl3) 7.54 (2H, d, J 6 Hz, Ar), 6.92 (2H, d, J 6 Hz, Ar), 3.86 (3H, s, OCH3), 3.59 
(4H, brs, CH2), 1.93 (4H, s, CH2); δC (100 MHz, CDCl3) 169.45 (1C, C=O), 160.79 (1C, 
C(OCH3)), 132.14 (1C, C(C=O)), 129.16 (2C, Ar), 113.61 (2C, Ar), 55.32 (1C, OCH3), 49.75 
(2C, CH2), 46.30, (2C, CH2); m/z (EI) 206 (M
+, 8%), 205 (52), 204 (12), 135 (100), 108 (8), 
92 (15), 77 (19). 
N-(4-Toluoyl) pyrrolidine (7-3) 4-Toluyl chloride (3.00 g, 19.41 mmol) 
was added dropwise to a stirred solution of pyrrolidine (1.52g, 21.35 
mmol) and triethylamine (2.45g, 24.26 mmol) in CH2Cl2 (30 mL) at 0°C. 
The resulting mixture was stirred for 30 minutes before it was quenched by the addition of 
H2O (30 mL). The organic layer was washed with 1M HCl (2 x 30 mL), saturated aq. 
NaHCO3 (2 x 30 mL) and brine (30 mL). The organic extract was dried over MgSO4 and 
concentrated under vacuum to give N-(4-toluoyl)pyrrolidine 7-3 as an orange solid (2.26 g; 
61.5%) M.p 89-90 °C (lit.158 90-91 °C); υmax/cm
-1 2987, 2806, 1590 (C=O), 1475, 1192, 810, 
702; δH (400 MHz, CDCl3) 7.46 (2H, d, J 10 Hz, Ar), 7.22 (2H, d, J 10 Hz, Ar), 3.62 (2H, 
brs, CH2), 3.50 (2H, brs, CH2), 2.40 (3H, s, CH3), 1.93 (4H, d, J 10 Hz, CH2); δC (100 MHz, 
CDCl3) 169.81 (1C, C=O), 139.87 (1C, C(CH3)), 134.35 (1C, C(C=O)), 128.81 (2C, Ar), 
127.22 (2C, Ar), 49.52 (1C, CH2), 49.16 (1C, CH2),  26.38 (1C, CH2),  24.54 (1C, CH2),  
21.38 (CH3); m/z (EI) 190 (M
+, 8%), 189 (59), 188 (22), 146 (15), 119 (100), 91 (42), 65 
(15). 
N-(4-Fluorobenzoyl) pyrrolidine (7-4) 4-Fluorobenzoyl chloride (3.00 
g, 18.92 mmol) was added dropwise to a stirred solution of pyrrolidine 
(1.48 g, 20.81 mmol) and triethylamine (2.39 g, 23.65 mmol) in CH2Cl2 
(30 mL) at 0°C. The resulting mixture was stirred for 30 minutes before it was quenched by 
the addition of H2O (30 mL). The organic layer was washed with 1M HCl (2 x 30 mL), 
saturated aq. NaHCO3 (2 x 30 mL) and brine (30 mL). The organic extract was dried over 
MgSO4 and concentrated under vacuum to give N-(4-fluorobenzoyl) pyrrolidine 7-4 as a 
(3.19 g, 87.3%). M.p 88-90 °C (lit.159 89-90 °C); υmax/cm
-1 3025, 2997, 2900, 1687 (C=O), 
1450, 1215 (C-F), 1152, 800, 707; H (400 MHz, CDCl3) 7.58-7.54 (2H, m, Ar), 7.10 (2H, t, 
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J 8.5 Hz, Ar), 3.66 (2H, brs, NCH2), 3.45 (2H, brs, NCH2), 1.94 (2H, brs, CH2), 1.92 (2H, 
brs, CH2); δC (100 MHz, CDCl3) 168.70 (1C, C=O), 164.70 (1C, CF), 133.27 (1C, CC=O), 
129.48 (1C, Ar), 129.40 (1C, Ar), 115.37 (1C, Ar), 115.16 (1C, Ar), 49.71 (1C, CH2),  46.32 
(1C, CH2),  26.45 (1C, CH2), 24.45 (1C, CH2); m/z (EI) 194 (M
+, 7%), 193 (53), 164 (11), 
123 (100), 95 (35), 75 (9). 
N-(4-Cyanobenzoyl)pyrrolidine (7-5) 4-Cyanobenzoyl  chloride 
(3.00 g, 18.12 mmol) in CH2Cl2 (5 mL) was added dropwise to a 
stirred solution of pyrrolidine (1.42 g, 19.93 mmol) and triethylamine 
(2.29 g 22.65 mmol) in CH2Cl2 (30 mL) at 0°C.The resulting mixture was stirred for 30 
minutes before it was quenched by the addition of H2O (30 mL). The organic layer was 
washed with 1M HCl (2 x 30 mL), saturated aq. NaHCO3 (2 x 30 mL) and brine (30 mL). 
The organic extract was dried over MgSO4 and concentrated under vacuum to give N-(4-
cyanobenzoyl) pyrrolidine 7-5 as a white solid (1.81 g; 50%). M.p 83-85 °C (lit.149 86-88 °C); 
υmax/cm
-1 2990, 2850, 2212 (C≡N), 1623 (C=O), 1430, 870, 720; H (400 MHz, CDCl3) 7.74 
(2H, d, J 8 Hz, Ar), 7.64 (2H, d, J 8 Hz, Ar), 3.68 (2H, t, J 7 Hz, CH2), 3.40 (2H, t, J 7 Hz, 
CH2), 2.05-1.90 (4H, m, CH2); δC (100 MHz, CDCl3) 167.63 (1C, C=O), 146.41 (1C, CN), 
132.27 (1C, C(C=O)), 127.81(1C, C(CN)),  118.21 (2C, Ar),  113.56 (2C, Ar),  49.44(1C, 
CH2), 46.35(1C, CH2), 26.40, (1C, CH2), 24.37(1C, CH2);  m/z (EI) 201 (M
+, 10%), 200 (70), 
171 (30), 130 (100), 102 (66), 75 (10). 
N-Cyclohexyl-N-ethylbenzamide (7-6) Benzoyl chloride (3.00 g, 21.34 
mmol) was added dropwise to a stirred solution of N-ethyl-cyclohexylamine 
(2.99 g, 23.48 mmol) and triethylamine (2.70 g, 26.68 mmol) in CH2Cl2 (30 
mL) at 0°C. The resulting mixture was stirred for 30 minutes before it was 
quenched by the addition of H2O (30 mL). The organic layer was washed with 1M HCl (2 x 
30 mL), saturated aq. NaHCO3 (2 x 30 mL) and brine (30 mL). The organic extract was dried 
over MgSO4 and concentrated under vacuum to give N-cyclohexyl-N-ethylbenzamide 7-6 as 
a clear oil (4.25 g; 86%). υmax/cm
-1 2950, 2810, 1590 (C=O), 1475, 1320, 1046, 625;  δH (400 
MHz, CDCl3) 7.43-7.30 (5H, m, Ar), 4.38 (1H, m, CH2), 3.45 (2H, brs, CH2CH3), 1.86-1.83 
(3H, m, CH2CH3), 1.74-1.03 (10H, m, CH2); δC (100 MHz, CDCl3) 171.24 (1C, C=O), 
137.77 (1C, CC=O), 128.88 (1C, Ar), 128.41 (2C, Ar), 125.98 (2C, Ar), 58.79 (1C, NCH), 
36.44 (1C, CH2CH3), 31.77 (2C, CH2), 25.66 (2C, CH2), 25.19 (1C, CH2),  14.91 (1C, 
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CH2CH3); m/z (EI) 232 (M
+, 9%), 231 (49), 230 (11), 202 (25), 174 (23), 150 (25), 134 (12), 
105 (100), 77 (53), 41 (8). 
 
N-Cyclohexyl-N-ethyl-2,2-dimethylproponamide (7-7) Pivaloyl chloride 
(3.00 g, 24.88 mmol) was added dropwise to a stirred solution of N-ethyl-
cyclohexanamine (3.48 g, 27.37 mmol) and triethylamine (3.15 g, 31.10 
mmol) in CH2Cl2 (30 mL) at 0°C. The resulting mixture was stirred for 30 
minutes before it was quenched by the addition of H2O (30 mL). The organic 
layer was washed with 1M HCl (2 x 30 mL), saturated aq. NaHCO3 (2 x 30 mL) and brine 
(30 mL). The organic extract was dried over MgSO4 and concentrated under vacuum to give 
N-cyclohexyl-N-ethyl-2,2-dimethylpropanamide 7-7 as a clear oil  (4.37 g; 83%). υmax/cm
-1 
2923, 2830, 1605 (C=O), 1410, 1334, 1200, 1090, 1045, 800;  δH (400 MHz, CDCl3) 3.75-
3.65 (1H, m, CH), 3.13-3.04 (2H, m, CH2CH3), 1.73-1.65 (2H, m, CH2),  1.60-1.48 (2H, m, 
CH2), 1.47-1.34 (2H, m, CH2), 1.21-1.13 (2H, m, CH2), 1.13 (3H, m, CH2CH3), 1.10 (9H, s, 
CH3), 0.98-0.90 (2H, m, CH2); δC (100 MHz, CDCl3) 176.42 (1C, C=O),  56.82 (1C, NCH), 
38.95 (1C, CHC=O), 31.56 (1C, CH2CH3), 28.50 (2C, CH2),  27.19 (3C, CH3), 26.02 (2C, 
CH2),  25.38 (1C, CH2), 14.78 (1C, CH2CH3);  m/z (EI) 212 (M
+, 8%), 211 (47), 182 (35), 
154 (78), 126 (18), 83 (95), 57 (100), 41 (40). 
N-Methyl-N-phenylpivalamide (7-8) Pivaloyl chloride (3.00 g, 24.88 mmol) 
was added dropwise to a stirred solution of N-methylaniline (2.93 g, 27.37 
mmol) and triethylamine (3.15 g, 31.10 mmol) in CH2Cl2 (30 mL) at 0°C.The 
resulting mixture was stirred for 30 minutes before it was quenched by the 
addition of H2O (30 mL). The organic layer was washed with 1M HCl (2 x 30 mL), saturate 
NaHCO3 (2 x 30 mL) and brine (30 mL). The organic extract was dried over MgSO4 and 
concentrated under vacuum to give N-methyl-N-phenylpivalamide 7-8 as an orange solid 
(3.66 g; 77%). M.p 75-76 °C (lit.160 79 °C); υmax/cm
-1 2990, 1625 (C=O), 1600 (HC=C), 
1490, 1400, 1250, 1100, 800, 650; H (400 MHz, CDCl3) 7.43-7.33 (3H, m, Ar), 7.43-7.33 
(4H, m, Ar), 7.27-7.22 (1H, m, Ar), 3.23 (3H, s, NCH3), 1.06 (9H, s, CH3); δC (100 MHz, 
CDCl3) 178.14 (1C, C=O), 145.33 (1C, Ar), 129.22 (2C, Ar), 128.81 (2C, Ar), 127.77 (1C, 
Ar), 41.37 (1C, CH3N), 40.82 (1C, C(CH3)), 29.56 (3C, C(CH3)). m/z (EI) 193 (M
+, 2%), 192 
(7), 191 (47), 149 (15), 134 (15), 107 (77), 106 (54), 57 (100), 41 (15). 
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N-Methyl-N-phenylacetamide (7-9) Acetyl chloride (3.00 g, 38.22 mmol) was 
added dropwise to a stirred solution of N-methylaniline (4.50 g, 42.04 mmol) and 
triethylamine (4.83 g, 47.77 mmol) in CH2Cl2 (30 mL) at 0 °C. The resulting 
mixture was stirred for 30 minutes before it was quenched by the addition of H2O 
(30 mL). The organic layer was washed with 1M HCl (2 x 30 mL), saturated aq. NaHCO3 (2 
x 30 mL) and brine (30 mL). The organic extract was dried over MgSO4 and concentrated 
under vacuum to give N-methyl-N-phenyl-acetamide 7-9 as a white solid (3.97 g, 69.6%). 
M.p 95-97 °C (lit.161 98-100 °C);  υmax/cm
-1 3050, 1676 (C=O), 1562, 1485, 1450, 1407, 
1250, 1105, 1064, 750, 712; δH (400 MHz, CDCl3) 7.47-7.41 (2H, m, Ar), 7.39-7.33 (2H, m, 
Ar), 7.24-7.19 (1H, m, Ar), 3.29 (3H, s, NCH3), 1.90 (3H, s, CH3); δC (100 MHz, CDCl3) 
170.58 (1C, C=O), 144.64 (1C, Ar), 129.74 (2C, Ar), 127.72 (2C, Ar), 127.20 (1C, Ar), 37.16 
(1C, (NCH3)), 29.56 (1C, C=O(CH3)); m/z (EI) 150 (M
+, 7%), 149 (52), 107 (100), 106 (90), 
77 (30), 43 (32). 
N-Acetylpiperidine (7-10) Acetyl chloride (3.00 g, 38.22 mmol) was added 
dropwise to a stirred solution of piperidine (3.58 g, 42.04 mmol) and 
triethylamine (4.83 g, 47.77 mmol) in CH2Cl2 (30 mL) at 0°C. The resulting 
mixture was stirred for 30 minutes before it was quenched by the addition of H2O (30 mL). 
The organic layer was washed with 1M HCl (2 x 30 mL), saturated aq. NaHCO3 (2 x 30 mL) 
and brine (30 mL). The organic extract was dried over MgSO4 and concentrated under 
vacuum to give N-acetylpiperidine 8-10 as a yellow oil (1.49 g, 30.65%). υmax/cm
-1 2980, 
2875, 1620 (C=O), 1430, 1250, 980, 750; δH (400 MHz, CDCl3) 3.53 (2H, t, J 2 Hz, CH2), 
3.38 (2H, t, J 2 Hz, CH2), 2.05 (3H, s, CH3), 1.68-1.58 (4H, m, CH2), 1.56-1.51 (2H, m, 
CH2), δC (100 MHz, CDCl3) 168.77 (1C, C=O), 47.42 (1C, NCH2), 42.45(1C, NCH2),  26.39 
(1C, (CH2),  25.47 (1C, (CH2), 24.45 (1C, (CH2), 21.45 (1C, (CH3); m/z (EI) 128 (M
+, 8%), 
127 (98), 84 (100), 70 (35), 56 (38), 43 (57). 
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Appendix 2 Characterisation of Reduction Products 
The characterisation of the products obtained after electrochemical reduction using the flow- 
reactor. 
Electrochemical reduction of maleimide (4-1). The reduction of maleimide 
4-1 led to the formation of succinimide 4-1a; H (400 MHz, CDCl3) 8.05 (1H, 
s, NH), 2.79 (4H, s, CH2).  
Electrochemical reduction of N-allylmaleimide (5-1). The reduction of N-
allylmaleimide 5-1 led to the formation of N-allylsuccinimide 5-1a162; H (400 
MHz, CDCl3) 5.82-5.72 (1H, m, CH), 5.17 (2H, dt, J 16, 2 Hz, C=CH2), 4.10 
(2H, d, J 6.0 Hz, NCH2), 2.71 (4H, s, CH2). 
Electrochemical reduction of N-propargylmaleimide (5-2).  The reduction 
of N-propargylmaleimide 5-2 led to the formation of N-propargylsuccinimide 
5-2a163; H (400 MHz, CDCl3) 4.31 (1H, d, J 2 Hz, CH2), 4.28 (1H, d, J 2 Hz, 
CH2), 2.78 (4H, s, CH2CO), 2.20 (1H, t, J 2 Hz, C≡CH). 
Electrochemical reduction of 3,4-dimethylmaleimide (5-3). The reduction of 
3,4-dimethylmaleimide 5-3 led to the formation of 3,4-dimethylsuccinimide 5-3a 
as a mixture of diastereoisomers141, 142; cis-isomer H (400 MHz, CDCl3) 8.52 (1H, 
s, NH), 3.00-2.90 (2H, m, CH), 1.18 (6H, d, J 7.0 Hz, CH3); trans-isomer H (400 MHz, 
CDCl3) 9.35 (1H, s, NH), 2.49-2.41 (2H, m, CH), 1.31 (6H, d, J 7.0 Hz, CH3). 
Electrochemical reduction of N-benzyl-3,4-dimethylmaleimide (5-4). 
The reduction of N-benzyl-3,4-dimethylmaleimide 5-4 led to the formation 
of N-benzyl-3,4-dimethylsuccinimide 5-4a as a mixture of 
diastereoisomers140, 164; cis-isomer H (400 MHz,CDCl3) 7.34-7.21 (5H, m, 
H-Ar), 4.59 (2H, s, CH2), 2.99-2.91 (2H, m, CH), 1.16 (6H, d, J 7.0, CH3); trans-isomer 7.34-
7.21 (5H, m, H-Ar), 4.59 (2H, s, CH2), 2.49-2.40 (2H, m, CH), 1.29 (6H, d, J 7.0, CH3). 
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Electrochemical reduction of N,N-dimethylbenzamide (6-1). The 
reduction of N,N-Dimethylbenzamide 6-1 led to the formation of a mixture of 
products which were identified using the 1H NMR spectroscopy and mass 
spectrometry: N,N-dimethylbenzylamine 6-1a31 H (400 MHz, CDCl3) 7.35-7.28 (5H, m, H-
Ar), 4.66 (2H, s, CH2), 3.49 (6H, s, CH3); m/z (EI) 135 (M
+, 48), 118 (5), 91 (58), 77 (5), 65 
(20), 58 (100), 42 (22); benzaldehyde 6-2 165, 166 δH (400 MHz, CDCl3) 10.0 (1H, s), 7.88-
7.85 (2H, m), 7.64-7.60 (1H, m), 7.54-7.46 (2H, m); m/z (EI) 106 (M+, 33), 105 (100), 
77(89), 51 (30); benzyl alcohol 6-3 167, 168 δH (400 MHz, CDCl3)  7.42-7.35 (5H, m), 4.66 
(1H, s), 3.03 (1H, br s); m/z 108 (M+, 60), 107 (66), 79 (68), 77 (100) 
 
Electrochemical reduction of N-benzoylpyrrolidine (7-1). The reduction 
of N-benzoylpyrrolidine 7-1 led to the formation of a mixture of products 
which were identified using the  1H NMR spectroscopy: N-
benzylpyrrolidine 7-1a169 δH (400 MHz, CDCl3)7.47-7.19 (5H, m), 3.73 (2H, s), 2.73-2.51 
(4H, m), 1.94-1.73 (4H, m); benzaldehyde 7-14 165 δH (400 MHz, CDCl3) 10.0 (1H, s), 7.88-
7.85 (2H, m), 7.64-7.60 (1H, m), 7.54-7.46 (2H, m); benzyl alcohol 7-15167 δH (400 MHz, 
CDCl3)  7.42-7.35 (5H, m), 4.66 (1H, s), 3.03 (1H, br s). 
 
Electrochemical reduction of N-(4-methoxybenzoyl)pyrrolidine 
(7-2). The reduction of N-(4-methoxybenzoyl)pyrrolidine 7-2 led to 
the formation of a mixture of products which were identified using 
1H NMR spectroscopy: N-(4-methoxybenzyl)pyrrolidine 7-2a170 δH (400 MHz, CDCl3) 7.22 
(2H, d, J 8.6 Hz), 6.84 (2H, d, J 8.6 Hz), 3.79 (3H, s), 3.55 (2H,s), 2.49-2.47 (4H, m), 1.78-
1.75 (4H, m); 4-methoxybenzyl alcohol 7-16171 δH (400 MHz, CDCl3) 9.89 (1H, s), 7.84 (2H, 
d, J 6.8 Hz), 7.00 (3H, d, J 6.8 Hz), 3.89 (3H, s);  4-methoxybenzyl alcohol 7-17172 δH (400 
MHz, CDCl3) 7.28 (2H, d), 6.89 (2H, d), 4.61 (2H, s), 3.81 (3H, s); 1,2-bis-(4-
methoxyphenyl)ethane 7-18173 δH (400 MHz, CDCl3) 7.09 (4H, d,  J  8.4 Hz), 6.82 (4H, d, J  
8.7 Hz), 3.79 (6H, s), 2.83 (4H, s). 
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Electrochemical reduction of N-(4-toluoyl)pyrrolidine (7-3). The 
reduction of 1-(4-methylbenzoyl)pyrrolidine) 7-3 led to the formation of 
a mixture of products which were identified using 1H NMR 
spectroscopy: 1-(4-methylbenzyl) pyrrolidine 7-3a174 δH (400 MHz, CDCl3) 7.19  (2 H,  d,  J  
8.0  Hz),  7.09 (2 H,  d,  J  8.0  Hz),  3.38  (2H,  s),  2.34  (4H,  t, J 7.4  Hz),  2.31  (3H,  s),  
1.55  (4 H,  m),  and  1.41  (2H,  m);  4-methylbenzaldehyde 7-19 175 δH (400 MHz, CDCl3) 
9.96 (1H, s), 7.77 (2H, d, J 8.0 Hz), 7.33 (2H, d, J 8.0 Hz), 2.44 (3H, s); 4-toluoylbenzyl 
alcohol 7-20 176 δH (400 MHz, CDCl3) 7.26 (2H, d, J 7.6 Hz), 7.17 (2H, d, J 7.6 Hz), 4.64 
(2H, s), 2.35 (3H, s). 
Electrochemical reduction of N-(4-cyanobenzoyl)pyrrolidine (7-5). 
The reduction of N-(4-cyanobenzoyl)pyrrolidine 7-5 led to the 
formation of a mixture of products which were identified using 1H 
NMR spectroscopy: 4-(cyanobenzyl)pyrrolidine 7-5a177 δH (400 MHz, CDCl3) 7.6 (2H, d, J 
8.0 Hz), 7.4 (2H, d, J 8.0 Hz), 3.55 (2H, s), 2.55 (2H, t, J 8.0 Hz), 1.7 (2H, t, J 8.0 Hz); 4-
cyanobenzaldehyde 7-23167 δH (400 MHz, CDCl3) 10.11 (1H, s), 8.01 (2H, d, J 8.0 Hz), 7.86 
(2H, d, J 8.0 Hz);  4-cyanobenzyl alcohol 7-24167 δH (400 MHz, CDCl3)  7.64-7.60 (2H, m), 
7.47-7.44 (2H, m), 4.76 (2H, s), 2.16 (1H, br s). 
Electrochemical reduction of N-ethyl-N-cyclohexylbenzamide (7-6). 
The reduction of N-ethyl-N-cyclohexylbenzamide 7-6 led to the formation 
of a mixture of products which were identified using 1H NMR 
spectroscopy: N-benzyl-N-cyclohexylamine 7-6a178 δH (400 MHz, CDCl3) 
7.40-7.20 (5H, m), 3.60 (2H, s), 2.52 (2H, q, 6.0 Hz), 1.00-1.90 (11H, m), 0.97 (3H, t, J 7.8 
Hz); benzaldehyde 7-14 165; δH (400 MHz, CDCl3) 10.0 (1H, s), 7.88-7.85 (2H, m), 7.64-7.60 
(1H, m), 7.54-7.46 (2H, m); benzyl alcohol 7-15167 (400 MHz, CDCl3)  7.42-7.35 (5H, m), 
4.66 (1H, s), 3.03 (1H, br s); N-ethyl-N-cyclohexylamine 7-26179 δH (400 MHz, CDCl3)  3.03 
(2H, q, J 8.0 Hz), 2.97-2.89 (1H, m), 2.24-2.21 (2H, m), 1.90-1.80 (2H, m), 1.66-1.56 (3H, 
m), 1.48 (3H, t, J 7.2 Hz), 1.23-1.27 (3H, m). 
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Electrochemical reduction of N-methyl-N-phenylacetamide (7-9). The 
reduction of N-methyl-N-phenylacetamide 7-9 led to the formation of a mixture of 
products which were identified using 1H NMR spectroscopy: N-methyl-N-
phenylethylamine 7-9a180 δH (400 MHz, CDCl3)  7.26 (3H, m), 6.70 (2H, m), 3.42 
(2H, q, J 7.2 Hz), 2.91 (3H, s), 1.13 (3H,t, J 7.2 Hz); N-methylaniline 7-27 181 δH (400 MHz, 
CDCl3)  7.42 (2H, dd, J  7.2, 8.0 Hz),  6.95 (1H, t, J 7.2 Hz), 6.79 (2H, d, J  8.0 Hz), 3.78 
(1H, br s), 2,96 (3H, s). 
Electrochemical reduction of 1-benzyl-2-piperidone (7-12). The reduction 
of 1-benzyl-2-piperidone 7-12 led to the formation of 1-benzylpiperidine 7-
12a169 δH (400 MHz, CDCl3)  7.47-7.12 (5H, m), 3.53 (2H, s), 2.43 (4H, br 
s), 1.63 (4H, q, J  5.6 Hz), 1.53-1.41 (2H, m). 
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Appendix 3  Parameters  
Parameters used in this thesis 
Parameter Value Units 
F 96485 C mol-1 
T 298 K 
R 8.31441 J mol-1 K-1 
a 104 m2 m-3 
EH2
0 0 V 
Emal
0 -0.12 V 
Eallyl
0 -0.19 V 
Eprop
0 -0.18 V 
dh 3.61E-04 m 
df 1.90E-05 m 
dpores 1.90E-05 m 
ε 0.94 - 
c 10 mol m-3 
D 1.00E-09 m2 s-1 
υ 1.00E-05 m2 s-1 
RDE Area 1.97E-05 m2 
Cathode compartment volume 1.90-05 m3 
Graphite cross sectional area 0.0003 m2 
Graphite felt electrode length  6.35E-02 m 
Graphite felt electrode width 3.00E-02 m 
Graphite felt electrode depth 1.1E-02 m 
 
